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Abstract 
Electric vehicles (EVs) are the most comprehensive method of sustainable transportation 
because they are environmentally friendly, quiet and low maintenance. However, they suffer 
from low usability because of the limited distance that can be covered on a single charge, 
which limits the freedom of transportation. Further, the charging process to restore the initial 
driving range is relatively long compared with conventional solutions. 
The only proposed way to improve the distance on a charge is to install a large energy storage 
system (ESS), which takes up more space, thereby limiting the usability of space by 
passengers and increasing the weight of the EV. The increased weight and size of the EV also 
negatively affect the distance range. In addition, the larger size of the battery, which is the 
main component of the ESS, requires a longer charging time. The current solution for fast 
charging requires more time than traditional refuelling techniques. This study aims to design, 
develop and analyse a novel approach for improving the energy consumption of EVs using 
optimisation techniques. 
In the first phase of the study, detailed analysis is conducted of the existing systems of EVs to 
determine which areas can be improved. The outcome of this investigation is used to 
determine presented loading profile of the various loads in EVs and determine the way to 
characterise them. These results are applied to design the new architecture for the loads to 
improve the connectivity of the various components of EVs and introduce interaction between 
loads. 
The developed architecture has centralised topology with separated control bus for the safety 
systems to satisfy the ISO 26262 safety standard. The newly developed system considers 
various loading requests at the same time to supply the load. The control algorithm schedules 
the power supply to the selected loads or, in some cases, clips the load request to decrease the 
momentary energy consumption. To achieve better optimisation, the thermal energy 
generation is analysed because it has a significant effect on the electric energy consumption in 
the heating elements. 
The second part of the developed approach is deep integration of loads with the overall 
energy flow in EVs. As a result, the recuperated energy in the propulsion system can be 
transferred to the components of the ESS and to supply the auxiliary loads on demand. The 
 xviii 
generation units are combined with a photovoltaic system to improve the generation 
capability of the architecture. 
One of the key aims of this research is the simulation and experimental study of the developed 
architecture to identify weak spots in the solution and compare its performance with existing 
solutions under various solutions that go beyond traditional driving cycles. 
 
 1 
Chapter 1: Introduction 
1.1 Title of the Proposed Research 
Managing Electric Vehicles with Renewable Generation through Energy Storage and Smart 
Grid Principles 
1.2 Research Motivation 
The transport sector is one of the biggest producers of greenhouse gases (GHG) on the planet, 
with a large portion of GHGs produced by road vehicles in the form of CO2, NOx and carbon 
particles (diesel engines). Noise pollution is caused by cars that are powered by an internal 
combustion engine (ICE). On big freeways that are built close to residential areas, a special 
noise-reduction system is required to ensure a safe environment for residents. Another issue 
with modern vehicles is their consumption of petrol, which is a non-renewable energy source. 
Further, oil prices are rising, which in turn increases the cost of petrol. Another issue relates 
to recurring maintenance expenses. Vehicles are often serviced using parts that cannot be 
recycled or reused (e.g., oil filters) [1]. 
A significant problem relates to the performance characteristics of ICEs. External speed 
characteristics provide information about the power and torque output of the engine with a 
full throttle pedal. ICEs provide low amount of torque and power at low speeds, where 
demand is highest, as can be seen on Figure 1.1. 
 
Figure 1.1: Output Speed Characteristics of ICEs 
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A transmission system with a gearbox and main gear is used to increase torque at low speed 
and increase efficiency at high speed. However, the transmission system is not efficient 
because 4–6 components have 0.95 efficiency [2]. 
ICEs are used power of explosion after the consumption of the mixture of petrol and air. The 
temperature and pressure inside the cylinders are usually as high as 1,500 K and 6, 0 MPa, 
respectively. Loaded engine parts (e.g., pistons, crankshaft, cylinder block and cylinder head) 
cannot handle these conditions for a long period, so a cooling system is required to protect 
parts from wearing. However, because the temperature and pressure are used to move the 
vehicle, cooling systems decrease the efficiency of the burning processes inside the cylinders 
[3]. 
Modern ICE engines are more efficient than engines were 15–20 years ago. Modern petrol 
turbo engines have an efficiency level up to 40%, and diesel-powered cars can achieve 45% 
efficiency in ideal testing conditions. These conditions are not achievable for normal usage 
[4]. 
There are various ways to solve the problems and issues raised by ICE-powered transport. 
One of the most sustainable methods is EVs, which have high energy availability, high 
efficiency, suitable speed-torque characteristics of electric motors, as shown on Figure 1.2, 
and low pollution [1, 5]. 
The first EVs and ICE-powered cars were produced in the last quarter of the nineteenth 
century. The first EV, which could move at a speed greater than 100 km/h, was equipped with 
an electric drivetrain. In 1902, Ferdinand Porsche built the first hybrid-powered car, which 
used a combination of ICE and electric motors. The beginning of the twentieth century was 
the age of electric transport, and trams and EVs were as popular as ICE-powered transport. In 
the 1920s, the biggest problems for EVs were the unreliable electric distribution system and 
the large, inefficient battery, which had a long recharging time. As a result, electric-powered 
cars were replaced with ICE-powered cars. However, some forms of public transportation that 
followed the same route still used electric power where possible. In some cities, trams and 
electric-powered trains became the main forms of public transport. 
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Figure 1.2: Output Speed Characteristics of DC Motor 
The idea of electric-powered vehicles arose during the oil crisis in the United States (US) in 
the 1970s. As oil prices rose, the cost of operating conventional vehicles increased and 
consumers searched for more efficient cars. Energy storage systems (ESSs) became the main 
limitation to the popularity of EVs. In 1990, the biggest car manufacturer, General Motors 
(GM), presented a pure electric vehicle (PEV), GM EV1. As batteries were too expensive, it 
was impossible to organise mass production at a low price; however, thousands of cars were 
leased to consumers for testing purposes [4, 6]. 
Japanese companies such as Toyota and Honda developed their own approach to designing 
and producing environmentally friendly cars by combining an electric motor with an ICE to 
create a hybrid electric vehicle (HEV). In 1992, the Toyota Prius was presented as a concept 
car, and in 1997, this model became the world’s first mass-produced HEV. Honda began its 
HEV program in 1998 with the Insight model. As a result of the introduction of emissions 
regulations, HEVs have become the fastest-growing class of vehicle in terms of sales and 
market share [7]. HEV production has improved battery technology, and HEVs can now 
operate in pure electrical mode for a limited amount of time. 
In 2010, Nissan began a new chapter for EVs with the Nissan Leaf model, which was the first 
mass-produced EV in modern history. In 2011, the Leaf won the title of Car of the Year in 
Europe and around the world. Other companies began EV programs as a result of the success 
of the Leaf in the European Union and the US [8]. 
However, some problems still limit the usage and popularity of EVs in the global market [9, 
10]. The main problems can be identified as: 
• limited distance range 
• long recharging time 
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• thermal management 
• non-developed infrastructure of charging stations 
• cost and technical parameters of batteries. 
The main aim of this thesis is to increase EV usability based on improving the distance range 
on one battery charge through advanced on-board energy management. The proposed system 
will include not only a powertrain system, but also features such as a climatic system and 
lights as the main energy consumption devices. In EVs, the ESS continually charges and 
discharges; therefore, smart grid principles will be the foundation of this approach to efficient 
energy management in terms of simultaneous consumption and generation. Further, 
integration of the roof-based PV system will be implemented as an additional source of 
energy. 
1.3 Research Objectives 
The main objectives of this research are to: 
• investigate and analyse power consumption in PEVs during fixed and developed 
cycles for different climatic zones (very cold and very hot climates) 
• develop and implement methods for more effective energy consumption of PEVs 
based on previous analysis 
• investigate all possible sources of energy, such as recuperative braking and PV in 
terms of balancing it with consumption requirements 
• investigate ESS behaviour and interface of it with consumers and generators in terms 
of energy and safety 
• develop the system with auto balancing of produced–consumed energy and ESS 
management 
• analyse thermal behaviour of the PEV system as a source of electric or heat energy 
• develop a general on-board energy management system (EMS) to increase the 
distance range on a single charge. 
The research questions are: 
1. What is the loading profile of on-board systems in EVs? 
2. Can the energy management approaches from islanded microgrids (IMGs) be 
implemented in EVs to optimise energy consumption and generation? 
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3. How can renewable energy sources be integrated into EVs’ systems? 
4. What influence does thermal energy have on the overall energy management of EVs? 
1.4 Contribution of Knowledge 
EVs have become one of the most promising solutions to the transportation problem in terms 
of sustainability, availability and cost. Decreasing oil availability worldwide and increasing 
renewable energy generation provide more freedom to PEV owners in terms of energy 
independence. PEVs are powered only by electric energy, which is stored in batteries, 
capacitors or hydrogen fuel cells. EVs can be integrated into microgrids (MGs) with a 
vehicle-to-grid interface, and their ESS increases efficiency and decreases expenses for 
owners. This research aims to develop a new approach to energy management for on-board 
systems and components in EVs to increase distance range without increasing the cost to 
consumers. This will be done through load sharing and generating optimisation principles 
from the smart grids theory. In doing so, this research aims to make EVs more useful and 
popular in a large range of climatic zones and conditions around the world. In turn, this will 
provide a sustainable transportation solution in large cities in terms of citizens’ comfort and 
cities’ ecological footprints. 
This research will be significant in modelling and designing a power management system for 
EVs. It will contribute by: 
1. developing an electrical central bus to unite all systems and users with on-board 
features and appliances 
2. developing an intelligent system of electrical and thermal energy management through 
connections between systems of consumers and generation modes of relevant systems 
3. designing and building a model and system for efficient energy management in 
different conditions to provide better distance range on one charge and decrease 
expenses related to using the vehicle. 
1.5 Research Methodology 
1.5.1 Introduction 
As mentioned, EMSs must have accurate testing conditions, and an electrical bus with a 
centralised management system must be determined and created for efficient energy 
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management. Descriptions and characteristics of different loads must be identified to analyse 
their influence on EVs’ energy consumption. 
1.5.2 Investigation and Feasibility Analysis of Electric Vehicles’ Energy Management 
This thesis consists of two interconnected parts: an electrical energy study and a thermal 
energy study. The electrical energy study is the major part of this study. It consists of the 
following steps: 
1. determine the components of the electrical system and the components’ capacity and 
energy consumption 
2. study the ESS system and the components’ characteristics 
3. design and improve the powertrain system and operation modes 
4. design bus lines to satisfy energy requirements 
5. test the standard power consumption of the system 
6. develop relations between the systems and their behaviours 
7. develop a connection system between loads and the ESS. 
The thermal energy management study will investigate the effect of temperature on the 
working parameters of the drivetrain components as the most loaded electrical components of 
an EV’s system. The research consists of: 
1. testing the temperature statuses of the motor and power electronics 
2. designing a water-based cooling system 
3. calculating the power consumption of the pump for the cooling system and the 
possibility of using thermal energy in the cabin’s climate control. 
1.5.3 Simulation of the Systems and Their Behaviour 
The simulation process of the study consists of several steps. The first step is to select the 
testing procedures and prepare the loading profile for the appliances. The second step is to 
prepare a comprehensive model of the electrical system in the MATLAB/Simulink 
environment. The third step is to analyse the results. 
To select the testing procedures, the researcher will: 
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1. determine the best driving cycle for modelling powertrain consumption and develop 
additional cycles for real testing of the temperatures and long-time power 
consumption 
2. define weather conditions for advanced testing of the whole EV system 
3. perform the testing procedures for all conditions with different combinations of the 
devices. 
For complicated electrical systems, the most common way to obtain accurate results and 
redesign the management system is to use MATLAB/Simulink software. For this study, 
MATLAB will be used to [11]: 
1. create an accurate model of the powertrain 
2. create additional system models 
3. design a simple management system 
4. programme real-time simulation processes 
5. test procedures and retune the management system 
6. compare different controlling logic approaches with the design of the electrical system 
7. select and create an optimal system and logic operations. 
1.5.4 Experimental Analysis of Smart Grid Approach in Electric Vehicles’ Energy 
Management 
All experimental analyses will be conducted based on the capacity of the laboratory facilities’ 
existing equipment. For this purpose, a small motor will be used to design the powertrain 
system with existing load banks and converters to obtain the responses of the power electronic 
devices. Batteries are available for the ESS. In addition, high-power fuel cells, ultra-
capacitors (UCs) and controlling systems are required to complete the study. An Arduino 
circuit can be used for the role of the controlling device. The testing procedures consists of 
two parts according to the construction and topology: a powertrain study and management 
system testing. 
1.5.5 Powertrain Management Study 
The powertrain management system will be developed according to the following procedures: 
1. Energy consumption testing for direct current (DC) and alternating current (AC) 
motors with power electronics and proposed driving cycles. With power electronics, it 
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is possible to use insulated-gate bipolar transistor (IGBT)-based converters with 
bidirectional nature and power thyristor-based converters and rectifiers. 
2. Generation testing with proposed cycles and several power electronic systems as 
mentioned in the previous step, as well as combining the generators with the ESS and 
charging the hybrid ESS. 
3. Thermal testing of the powertrain components in association with consumption and 
generation testing, and for recharging processes during generation testing, thermal 
behaviour of the ESS will be a case of study. 
1.5.6 Management System Testing 
To complete this testing, the following operations will be conducted: 
1. create a real-time system with all components from the modelling part together with 
loading conditions 
2. combine this system with the ESS and powertrain part 
3. implement the management system with different logical procedures 
4. test the findings from the simulation for the unique design of the powertrain, ESS and 
system layout. 
1.6 Benefits and Outcomes of the Research 
This research aims to design and develop a new electrical architecture system for EVs. It will 
have the following key benefits and outcomes: 
• provide new architecture for EVs to increase their efficiency and resolve the main 
issues with the usability of this type of transport 
• implement an effective EMS with a centralised controlling unit to unite different 
systems 
• availability of the new logic concept for energy management, including thermal 
energy as a part of the whole vehicle system 
• establish a reliable type of transport with integrated renewable energy sources as part 
of the generation process 
• produce quality research papers to be published in and presented at relevant national 
and international journals and conferences. 
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1.7 Thesis Outline 
This thesis initially presents background information and the current state-of-the-art power 
systems in vehicles and their transition to EVs systems, following which the study on EMSs 
is introduced. Further analysis is conducted to determine the loading profile for EVs’ on-
board systems to design the most suitable and robust control algorithms for the loads to use 
the available energy of the propulsion system. Centralised energy management architecture is 
developed for the loads and implemented in extensive simulations and natural experiments. In 
addition, thermal energy management for the motors and ESSs is discussed and developed to 
complete the energy management with the thermal energy algorithms. All results for the 
developed systems are reported and discussed. This thesis consists of seven chapters, which 
are outlined below. 
Chapter 1. Introduction. This chapter discusses the importance of the research, its scope and 
its contributions to knowledge in this area. It also presents the research questions and the 
methodology of the study. 
Chapter 2. Literature Review. This chapter presents background information about practices 
in EV design and control, and it discusses common energy management algorithms and 
architectures of smart grids as examples of systems with efficient energy management. 
Chapter 3. Existing Solutions. This chapter presents the pattern of the loads in modern EV 
systems. It discusses the loading profile and the sources of energy and signal requests in 
existing systems. In addition, the chapter compares the advantages and disadvantages of 
existing solutions to find the best practices and areas of improvement. 
Chapter 4. Thermal Energy Management Study. This chapter presents the research study on 
thermal energy generation and usage in EVs. The main part of the study is performed in 
application to the propulsion system. A thermal energy usage system is designed and 
evaluated through tests. 
Chapter 5. Design of Centralised Load Management Architecture. This chapter presents the 
layout of the designed system. It shows the power-flow architecture and the control signal-
processing design. Further, it outlines the benefits of the developed system compared with 
existing architectures. 
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Chapter 6. Implementation and Testing of Intelligent Energy Management Approach for 
Generation and Energy Storage System. This chapter discusses the implementation of the 
developed system in simulations and natural experiments. 
Chapter 7. Conclusion and Future Work. This chapter summarises the results of this thesis 
and discusses areas for improvement and research in the future.  
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Chapter 2: Literature Review 
2.1 Introduction 
This chapter presents recent engineering findings of researchers around the world regarding 
problems and existing solutions in EV power management and design, MGs, approaches to 
optimise energy consumption and various loading-sharing techniques. Further, it examines 
concepts of EVs, existing architectures, constructions and their limitations, and power 
management algorithms inside EVs. This chapter also describes energy-generation sources 
that are available for EVs, and it describes and compares ESSs for EVs and energy 
management approaches for MGs. The findings reveal a research gap in the rapidly 
developing field of efficient energy management and the need to develop a new approach to 
energy control in energy-limited systems. 
2.2 Concepts of Electric Vehicles 
2.2.1 Powertrain Systems of Hybrid Electric Vehicles 
Nowadays, EVs are defined as vehicles that can be powered by an electric motor as the main 
component of the drivetrain [12, 13]. As a result, there are systems in which electric energy is 
produced on board by other sources, such as an ICE. The combination of two types of energy 
in the same system results in a HEV [14, 15]. There are several types of HEVs [16, 17]: 
1. parallel HEV 
2. series HEV 
3. parallel–series HEV. 
Parallel HEVs use power supplied from both energy sources: an ICE and an electric motor 
generator. The power sources are independent from each other and are only combined using 
the transmission, as shown in Figure 2.1 [18]. 
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Figure 2.1: Drivetrain Topology of Parallel HEVs [5] 
The operational principle is based on developing an efficient connection between independent 
power sources to obtain an optimal operational environment from both sources. For example, 
the EM operates at a low speed when high torque is required and ICE has low efficiency, as 
shown in Figure 2.2. 
Torque Power
Efficiency
 
 a) b) 
Figure 2.2: Characteristic of a) ICE [8] and b) Electric Induction Electric Motor [9] 
In addition to efficiency, one of the key benefits of the parallel HEV is its independence from 
both movers. It requires a complicated transmission with the ability to monitor the key 
operational point, which makes the system more complicated [19]. Toyota and Honda, as the 
leaders of HEV manufacturing, proposed continuous variation transmissions (CVT) as the 
solution to this challenge. For example, Honda uses a traditional gearbox with an advanced 
clutch [20]. Another way is to completely separate the power and torque from both motors. 
For example, Lexus and Porsche applied the torque of the ICE to the front axis only and the 
electric torque to the rear axis. The regulation for such systems is made through the power 
electronics of the electric motor and the injection system of the ICE [21]. 
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The main challenge of the parallel scheme is its dependency from ICE. The battery size is 
small because of the packaging limitations; therefore, the ICE plays the main role and the 
pure electric mode is limited [10]. 
Series HEVs are EVs with an extended range. The powertrain has a lined topology, and only 
an electric motor powers the transmission, as shown in Figure 2.3. 
 
Figure 2.3: Drivetrain Topology of Series HEVs [5] 
The efficiency of series HEVs varies with the efficiency of the electric motor. The ICE 
operates at optimal efficiency to recharge the battery pack through a separate generator [22]. 
The problem with this topology is low efficiency resulting from the number of energy 
transformations from the ICE to the generator and then to the battery pack. 
Several authors have proposed series–parallel HEVs as a separate class [16, 22]. This 
topology combines parallel and series hybrids to achieve the benefits of both systems, as 
shown in Figure 2.4. 
 
Figure 2.4: Drivetrain Topology of Series–Parallel HEVs [5] 
The main problem with this system is the complexity of the regulation, because the system 
should operate with a driving motor and a separate generator with addition to the ICE [23, 
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24]. Further, the ICE is highly influential, and the electric motor plays a small role because of 
the lower power. 
As shown, the controlling algorithms of the powertrain are the key element of HEVs’ 
operation [25–27]. As a result of the limitations of the ICE regulation, power converters for 
the electric motor’s operation are the key controlling part of HEVs in addition to its 
bidirectional power-flow requirements. 
Some researchers use the regulation approach, which uses a power minimisation strategy with 
fuzzy logic control algorithms [28–30]. In addition, emission minimisation can be used as a 
set of targets [31, 32]. The regulation is made based on requests from the driver for both 
acceleration and braking operations of the powertrain, as shown in Figure 2.5. 
 
Figure 2.5: Schematic of Fuzzy Logic Control for HEVs [20] 
The optimisation function can be described as: 
  (2.1) 
Where FC, (HC + NOx) and CO are the targeted values of the emissions of specific gases, wx 
are the specific weight functions and j is the optimisation function. 
Two main parameters are proposed for the membership functions of the fuzzy logic 
controller: state of charge (SoC) of the battery for optimal electric motor control and torque 
request from the driver, as shown in Figure 2.6. 
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Figure 2.6: Initial Rules for Fuzzy Logic Control of HEVs [5] 
Limited research has been conducted on integrating the on-board system into the HEV. 
Studies of HEVs have provided an understanding of the influence on the electric parts of the 
drivetrain on the overall power of the vehicles. Multiple studies have proposed the 
hybridisation factor (HF) as an assessment criterion of HEV construction [33, 34]. The HF 
can be calculated as: 
 𝐻𝐹 =
𝑃𝐸𝑀
𝑃𝐸𝑀+𝑃𝐼𝐶𝐸
 (2.2) 
Where PEM is the peak power of the electric part of the powertrain of the HEV and PICE is the 
peak power of the ICE. According to this factor, HF = 0 for conventional vehicles with no 
electric parts in the powertrain and HF = 1 for pure EVs that do not have an ICE [34, 35]. 
Modern HEVs can have a HF up to 0.4, but most mass-produced HEVs are as low as 0.15 
[36]. 
2.2.2 Overview of Electric Vehicle Architectures 
Given that the ICE plays a key role in HEVs, pure EVs are presented. These systems are fully 
electric-powered, and the drivetrain only has an electric motor connected to the ESS. 
EVs can be differentiated based on two construction fundamentals: ESS components and 
drivetrain components. Based on the ESS components, EVs can be divided into three groups: 
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1. battery-powered 
2. battery–capacitors-based 
3. fuel cell (FC). 
There are two main types of powertrain construction based on the nature of the motor and its 
location: 
1. single-motor topology 
2. hub-motor topology. 
Battery-powered EVs (BEVs) have a single battery unit to power the drivetrain, and they have 
a single ESS unit with a self-management system, as shown on Figure 2.7. Given the 
bidirectional nature of the power flow, the battery and its SoC are the system’s main variable 
parameters. The main benefit of this system is its simple construction. There is no need for an 
additional ESS management system to balance the energy consumption and generated energy 
between various components. However, batteries have many disadvantages—especially in 
terms of recharging time and specific power density. As a result of low energy density, the 
recuperation process is not as efficient as it could be. High-speed charging can improve the 
recharging parameter, but it significantly decreases the lifespan of the ESS. 
 
Figure 2.7: BEVs’ Power Converter Topology [27] 
Battery–capacitor systems are based on the combination of a battery and a high-power ultra-
capacitor. This system provides higher energy density than the battery topology. A single 
ultra-capacitor has very low energy density to fully replace the battery pack as an ESS. This 
combination is more efficient during recuperative braking. However, there are difficulties 
associated with the requirements of the additional management system to balance the power 
flow between the two available sources. In this case, all high-power requests can be assisted 
by the ultra-capacitor, where a battery with higher energy density will provide a longer 
operational time. The capacitor also supplies excess energy to the battery when the battery 
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pack’s SoC is low. The capacitor improves the lifetime of the battery, because the high 
charging current from the recovery process bypasses the battery and is stored directly in the 
capacitor. Figure 2.8 illustrates the power design of this type of system. 
 
Figure 2.8: Battery–UC Converter Topology [37] 
Fuel cells (FCs) have become more popular because they have a faster refuelling time than 
batteries. FC topology requires a supportive battery and/or an ultra-capacitor to balance the 
power demand because the regulation of the power output of FCs is slower than that of 
batteries and UCs [38, 39]. The power system design should satisfy the requirements of this 
system and be able to balance the power consumption among the various ESS components 
[40]. In line with the slow power output regulation, FCs cannot act as a storage system in the 
recovery braking procedure. Figure 2.9 shows the design of a fuel-cell-based electric vehicle 
(FCEV) with an FC, UC and a battery. 
Research has been conducted on mechanical ESSs (e.g., flywheels), which were introduced as 
a simple and effective way of storing mechanical energy during braking because there are no 
energy transformations involved [42, 43]. The main problems of flywheels are their high cost; 
special cases with vacuum needs for effective energy storage and low energy and power 
density of such systems. Flywheels systems are useful in cases where regenerative braking is 
critical and where batteries that are too large and heavy create a disadvantage. Flywheel 
systems can be used in hybrid cars for racing, but they are unsuitable for road vehicles 
because of their low efficiency and high cost [17]. 
Researchers have primarily examined the problem of recovery braking optimisation for 
various ESSs [41, 44, 45]. However, they have not examined usage application in detail. 
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Figure 2.9: FCEVs’ Power System Topology [41] 
The driveline architectures of EVs vary from single, usually induction, AC motor 
constructions to separate wheel-hub motors applications [46, 47]. 
Figure 2.10 illustrates single-motor topology and represents battery-based EVs with a single 
AC motor. The control algorithms for this solution are simple; only a single-motor unit is to 
be controlled. The efficiency of this solution is relatively low; there are some energy losses 
during recuperative braking because the energy can only be accessed from the single axis. 
Moreover, the flexibility of the regulation procedure is limited because of the limitations of 
the tyres and the implementation of the ABS system [48, 49]. 
 
Figure 2.10: Single AC Motor Architecture 
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The power controller for AC application should convert DC power of the ESS to variable AC 
to control the induction motor. The speed of the induction motor depends on the supplied 
frequency, and speed regulation can be achieved through frequency regulation [47]. The 
function of the rotational speed of the induction motor is presented as: 
 𝑛 =
120𝑓
𝑝
− 𝑠 (2.3) 
Where n is the rotational speed of the motor, f is the supplied frequency, p is the number of 
poles of the motor and s is the slip of the motor. 
The produced torque can be calculated as: 
 𝑇 =
𝐸𝑅𝑜𝑡𝑜𝑟
2 ∗𝑅𝑅𝑜𝑡𝑜𝑟
𝑅𝑅𝑜𝑡𝑜𝑟
2 +𝑋𝑅𝑜𝑡𝑜𝑟
2 ∗
3
2𝜋𝑁𝑆
 (2.4) 
As shown, torque regulation is inversely connected to synchronous speed (NS). 
Wheel-hub systems have separate motors for all wheels or for wheels on the same axis [50, 
51]. Usually, the motors in use are brushless DC motors with specific regulation requirements 
[52]. Brushless permanent magnet (PM) motors are known as electric variable transmissions 
because of the wide range of torque and rotational velocity characteristics. 
The main requirements for wheels-in motors are higher efficiency within the small size and 
weight. Size is crucial; the motor should fit in the wheel hub or the rim and, at the same time, 
have a low influence on the unsprung masses [46]. 
The generation characteristic of a PM motor is higher than that of the induction motor 
because of its low dependency from the supplied frequency and static available magnetic field 
[53]. The generated torque can be presented as: 
 𝑇 =
3
2
𝑝[𝜓𝑚𝐼𝑞 − (𝐿𝑞 − 𝐿𝑑)𝐼𝑑𝐼𝑞] (2.5) 
Where p is number of pairs of poles, ψm is the flux leakage in the stator windings because of 
PMs, Ld and Lq are the d- and q–axis stator inductances of the windings, and Id and Iq are the 
currents of the windings [52]. 
A separate motor topology has higher control flexibility because each motor is controlled 
through the separate motor controller. The architecture with four independent motors shows 
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better generation capability and, as a result, higher efficiency of the system, but at a higher 
cost because there are more motor controllers [54, 55]. Figure 2.11 illustrates the construction 
with four in-wheel motors. 
 
Figure 2.11: Architecture with Four In-wheel Motors [55] 
2.3 Studies on Powertrain Management Systems 
Most research on EMSs in EVs has examined the optimisation of the drivetrain’s operation—
in particular, the motor/generator. 
The main benefit of EV operation is that the drivetrain not only consumes energy, but also 
generates energy. For this purpose, the electric motor can be switched to the generation mode 
with an inverse direction of the torque and rotational direction. Figure 2.12 presents a scan of 
the operational quadrants of the electric machines [56]. 
 
Figure 2.12: Four-quadrant Operation of an Electric Motor [57] 
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Three main processes are present in the vehicle’s forward movements: acceleration, constant 
velocity movement and braking. In terms of motor operation, the first two operations have a 
similar nature, whereby the torque and rotational movement should have the same direction. 
Based on Figure 2.12, the motor should work in quadrant I. The braking process means that 
the torque of the motor has the opposite direction of the speed; that is, the motor operates in 
the second quadrant (see Figure 2.12). 
As the inertia of the vehicle rotates the motor in the second quadrant, the motor acts as a 
generator and produces energy that can be stored in the ESS. The optimisation and control of 
this process are the main aspects of motor/generator regulation and, in EV application, of the 
EMS [58, 59]. 
Several methods have been investigated to improve the performance of EVs and HEVs in the 
regenerative braking process [49]. Control of the braking process is required for two reasons: 
safety of braking through stability and optimising energy recuperation [60, 61]. 
Studies have shown that the vehicle’s braking process is associated with several variables: 
axis weight distribution, tyre parameters and requested braking force [49]. 
The generation process can be optimised based on the optimisation of the losses of the 
generator [62]. Figure 2.13 displays the motor losses characteristic. 
 
Figure 2.13: Motor Losses Characteristic of Generator [63] 
Based on this characteristic, the next function for power losses in braking can be identified as: 
 𝑃𝐿𝑜𝑠𝑠 = ∑ 𝑎𝑛1(𝑇𝑛1 + (𝑇 − 𝑇1)
𝑛𝑁
𝑛=0 ) (2.6) 
 22 
Where T1 is the optimal braking torque of the generator, an1 is the nth-order terms of 
polynomial losses in the motor/generator and T is the supplied braking torque of the generator 
[62]. 
The braking force distribution algorithm should be implemented in generation control to 
coordinate the operation of the recovery braking system with the conventional frictional 
braking procedure [64]. Generation mode provides low-availability braking torque on low 
velocities because of the lack of control flexibility of the generator [65]. Figure 2.14 presents 
the behaviour and control strategy. 
 
Figure 2.14: Braking Torque Control Principles [64] 
In terms of forces and requested torque for EVs with a front-axis drive, the braking process 
can be described as the following system of equations: 
 𝑚 ∗ ?̇?𝑥 = 𝐹𝑥 − 𝐹𝑥𝑎𝑒𝑟𝑜 − 𝐹𝑓
̇  (2.7) 
 𝐼𝑤𝜔𝐹𝐿̇ = 𝐹𝑥𝐹𝐿𝑅 − 𝑇𝑏𝐹𝐿 − 𝑇𝑓𝐹𝐿 − 𝑇𝑚𝑜𝑡 (2.8) 
 𝐼𝑤𝜔𝐹𝑅̇ = 𝐹𝑥𝐹𝑅𝑅 − 𝑇𝑏𝐹𝑅 − 𝑇𝑓𝐹𝑅 − 𝑇𝑚𝑜𝑡 (2.9) 
 𝐼𝑤𝜔𝑅𝐿̇ = 𝐹𝑥𝑅𝐿𝑅 − 𝑇𝑏𝑅𝐿 − 𝑇𝑓𝑅𝐿  (2.10) 
 𝐼𝑤𝜔𝑅𝑅̇ = 𝐹𝑥𝑅𝑅𝑅 − 𝑇𝑏𝑅𝑅 − 𝑇𝑓𝑅𝑅 (2.11) 
Where m is the mass of the vehicle, Vx is the longitudinal velocity, Fx is the longitudinal force, 
Fxaero is the force of the air resistance, Ff is the rolling resistance of the tyres, Iw is the moment 
of inertia of the specific wheel, ω is the angular velocity of the wheels, R is the rolling radius, 
Fxij is the longitudinal tyre force on the wheels to transfer the applied torque, Tfij is the rolling 
resistance torque and Tmot is the regenerative braking torque [66]. 
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The control system should satisfy the next principle: 
 𝑇𝑇𝑦𝑟𝑒𝑆𝑙𝑖𝑝 ≥ 𝑇𝐵𝑟 ≥ 𝑇𝑟𝑒𝑞𝑢  (2.12) 
Where TTyreSlip is the maximum torque that can be transferred through the tyres with the 
programmed slip in the specific conditions, Tbr is the supplied braking torque and Trequ is the 
requested braking torque by the driver [67]. 
The researcher proposes using fuzzy logic controllers to optimise the operation of the braking 
system. Figure 2.15 presents a diagram of the fuzzy logic control system. 
 
Figure 2.15: Fuzzy Logic Controlling Algorithms [68] 
Given that the main concern of this system is safety, the analysis of the performance is based 
on safety and braking stability, as shown in Figure 2.16. 
  
Figure 2.16: Braking Performance of Fuzzy Logic-based Braking Controller [66] 
Neural network training is used as an alternative approach for EVs’ braking system design in 
[69]. The neural networks method provides a possibility to build an adaptive system to satisfy 
the driver’s specific needs and combine various requests and parameters in the decision-
making process, as shown in Figure 2.17. 
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Figure 2.17: Neural Network Training for Drivetrain Controller [69] 
Some researchers have used the training nature of the neural network approach for a power 
management system design based on the trip [29, 70]. Figure 2.18 illustrates the schematic 
diagram. 
 
Figure 2.18: Trip-based Neural Network Control Diagram [70] 
Neural network controllers in EVs can optimise energy consumption by decreasing the ripples 
of permanent magnet direct current (PMDC) motors, as proposed in [71]. In this approach, the 
artificial neural-network-based controller operates directly with the motor drive and optimises 
the voltage and current ripples to achieve the optimal current relation of the windings [71]. 
This approach is efficient for the proposed application because of the predictive nature of the 
motor’s behaviour. As shown in Figure 2.19, the training of neural networks is based on the 
parameters of the motor for torque or speed control. 
Another approach in drivetrain management is represented by a sliding mode controller, as 
proposed in [72–74]. The sliding mode is the most common method of optimising braking 
forces because of the stochastic nature of the friction coefficient between the wheels and the 
road surface in various conditions, as shown in Figure 2.20. 
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Figure 2.19: PM DC Neural Network Control Diagram [71] 
 
Figure 2.20: Braking Coefficient for Various Road Conditions [74] 
The results and adaptation of the sliding mode are based on the required road conditions and 
do not consider the maximisation/optimisation of energy compared with other approaches. 
2.4 Energy Storage System Management in Electric Vehicles 
The ESS is the most complicated and important part of an EV. It is the only energy resource 
available for the driver and related systems. An ESS must have high energy capacity to 
provide more energy within the small size/weight system, high power capacity for 
acceleration and braking modes when the used power is high and recharging/refuelling time 
that is comparable with that of conventional vehicles. Based on these requirements, three 
main ESSs are used in EVs: batteries, UCs and FCs. In addition, some researchers have 
proposed mechanical energy storage in the form of a flywheel system [75]. The main 
parameters of ESSs can be summarised as specific energy for driving range (in watthours per 
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kg), specific power for acceleration and recuperative braking (in watts per kg) and power-
reversing capability [76]. 
2.4.1 Batteries 
Batteries are the most common source of electric energy in EVs. The main parameters of the 
batteries are their lifecycle, energy and power density, and energy efficiency [77]. Two main 
processes directly influence the performance of the ESS and EVs’ charging and discharging 
processes. These processes can be described using SoC and state of recharge (SoR) functions. 
For batteries, these processes represent the lifecycle, as a high charging current can damage it. 
Several types of batteries can be found in EVs, as outlined below. 
Lead–acid batteries are the least common type of battery for ESSs in EVs because of their low 
energy and power density compared with other batteries. Their energy density ranges from 
5 Wh/kg to 11 Wh/kg, with a maximum power density of 40 W/kg [78, 79]. These parameters 
limit the usability of recuperative braking energy and decrease the driving range on a single 
charge [75]. Moreover, lead–acid batteries have a lower lifecycle than lithium–ion (Li-Ion) or 
nickel metal–hydride (NiMH) batteries because of the slow oxidation reaction on the cathode 
part of the cells [80]. Given the size–weight limitations, lead–acid batteries are used in 12 V 
systems because of their reasonable performance and low cost. 
The reaction in the battery can be divided into two parts: negative and positive electrode 
reactions. The negative and positive electrode reactions are shown in (2.13) and (2.14) 
respectively: 
 𝑃𝑏 + 𝐻2𝑆𝑂4 = 𝑃𝑏𝑆𝑂4 + 𝐻2 (2.13) 
 𝑃𝑏𝑂2 + 𝐻2𝑆𝑂4 = 𝑃𝑏𝑆𝑂4 +
1
2
𝑂2 + 𝐻2𝑂 (2.14) 
 
There are three main types of lead–acid batteries: 
1. flooded-type cells 
2. gel-type batteries 
3. AGM-type batteries. 
The main challenge in terms of the lifecycle performance of lead batteries is its low capability 
to operate on a low SoC, as shown in Figure 2.21. 
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Figure 2.21: Lifetime of Lead–Acid Batteries Based on Depth of Discharge [80] 
Deep-cycle and gel batteries have thicker plates and tubular-type positive electrodes to resist 
corrosion processes [81]. The main benefits of lead–acid batteries for EV applications are 
their reasonable specific power and lifecycle with great cost and good safety. However, they 
are the least common type of battery because of their low specific energy and lifecycle [82]. 
Much research has been conducted into the construction of batteries to improve their charging 
characteristics, which in turn improve the recovery braking process, decrease the chemical 
wear of the electrode and improve the lifecycle. A carbon coating can be used to protect the 
negative cathode, as proposed in [83]. Using carbon nanoparticles as a coating element, 
researchers have achieved a higher level of charge acceptance and a higher surface area of the 
plates with the same size–weight parameters [84]. Figure 2.22 shows the increased lifecycle 
of lead–acid batteries with a carbon coating using nanoparticles. 
 
Figure 2.22: Typical Cycling Data from Lead–Acid Cell Contacting Electrode with and 
without Carbon Coating [84] 
NiMH batteries are the second option for EVs. These batteries have become the most 
common electric ESS for HEVs because of their low cost and high safety compared with Li-
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Ion batteries, which have higher capacity [85]. NiMH batteries have 35–50% higher specific 
energy than lead–acid batteries (more than 200 Wh/kg), the highest specific power among all 
available batteries and reasonable cost [82]. 
NiMH batteries consist of an anode of hydrogen-absorbing alloys (MH), a cathode of nickel 
hydroxide (Ni(OH)2) and a potassium hydroxide (KOH) electrolyte [86]. The electrochemical 
reaction is presented as: 
 𝑀 +𝑁𝑖(𝑂𝐻)2 ↔ 𝑀𝐻 +𝑁𝑖𝑂(𝑂𝐻)  (2.15) 
Figure 2.23 shows the performance of the NiMH cell with SoC and SoR curves. 
 
Figure 2.23: SoC and SoR Parameters for an NiMH Cell [87] 
Li-Ion batteries are the most common ESS for EVs. They have a higher energy density 
(125 Wh/kg) than NiMH batteries (70 Wh/kg) [82]. Li-Ion batteries are based on the current 
flow of positively charged Li-Ions from a copper-based cathode to an aluminium-based 
anode, as shown in Figure 2.24. 
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Figure 2.24: Operation Scheme of a Li-Ion Battery Cell [88] 
The chemical reaction of the cell is: 
 6𝐶 + 𝐿𝑖𝑀𝑂2 ↔ 𝐿𝑖0.5𝐶6 + 𝐿𝑖0.5𝑀𝑂2 (2.16) 
The main issues with Li-Ion batteries are thermal and chemical safety, durability and cost, as 
stated by [80, 88, 89]. The most common way to improve the safety of the battery is to change 
the materials of the electrodes, as proposed in [90]. Advanced cathode technologies can 
improve the power or energy performance of the battery cell, but they may be more expensive 
because more complicated LiV or LiFeO materials are proposed [89]. 
The charging and discharging curves of Li-Ion batteries are more suitable than NiMH and 
lead–acid batteries for the nature of EVs, as shown in Figure 2.25. 
 
Figure 2.25: Schematic Discharging Curve of Li-Ion Battery [90] 
Compared with NiMH and lead–acid batteries, Li-Ion ESSs have small safety operation 
windows. Given that high-power battery packs for EV applications are made from a set of 
 30 
small cells, the battery management system should be able to protect the individual cells of 
the pack and satisfy the safety operational conditions in terms of the voltage and temperature 
of the cells, as shown in Figure 2.26. 
 
Figure 2.26: Safety Operation Window for Li-Ion Cells [89] 
Thus, the management system should consider the following parameters of each cell: battery 
parameters, battery states (SoC, SoH), on-board diagnostics (safety sensors), battery control 
and alarm (high voltage [HV] and current protection), charge control, battery equalisation 
(make the SoC equal among all cells), thermal management and networking [89–91]. 
The open-circuit method is the most common method of managing Li-Ion battery packs. This 
method is based on the SoC estimation through open-circuit voltage measurements of the 
individual cells [92, 93]. Further, the battery model based on the SoC estimation, neural 
network or fuzzy logic methods can be used to improve the battery’s performance [93–95]. 
Despite its disadvantages and problems, Li-Ion batteries are still the most common type of 
ESS in EVs. 
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2.4.2 Ultra- and Super-capacitors 
Batteries are the most universal solution for ESSs of any type in EVs; however, their 
relatively small power density limits the effect of recuperative braking. Electrochemical 
capacitors, or UCs, have a very high power density [85] and capacity compared with standard 
capacitors because of their construction and the chemicals used [96]. UCs can be used as a 
balance mechanism for the load demand for the acceleration process, lifecycle and thermal 
limitation of batteries. UCs have a longer lifecycle and can achieve 500,000 cycles with an 
energy density of 11 Wh/kg [96]. At the same time, the power density of UCs can reach 
900 W/kg [37, 38], which is ten times higher than batteries. Another benefit of UCs is their 
charging time, which can be as much as ten times shorter than the same power-rated battery 
pack [97]. 
UCs are structured in a similar way to capacitors. As shown in Figure 2.27, they have two 
charged plates that are separated by an insulator layer. 
 
Figure 2.27: Typical Structure of UCs [98] 
Figure 2.28 shows the discharging curve under constant current conditions of the capacitor. 
As shown, the curve is more predictable compared with the behaviour of the battery. 
 
Figure 2.28: Discharging Curve of UCs under Constant Current Conditions [97] 
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Performance under extreme conditions can be presented through the power performance of 
the UC’s cells. Figure 2.29 shows the suitability of the UC system for recovery braking. 
 
Figure 2.29: Discharging Waveforms of UCs for Constant Power Discharge [99] 
Equations (2.17) and (2.18) describe the voltage and current behaviour of UCs: 
 𝑉(𝑡) = √𝑉𝑀𝐴𝑋
2 −
2𝑝𝑡
𝐶
  (2.17) 
 𝑖(𝑡) =
𝑝
√𝑉𝑀𝐴𝑋
2 −
2𝑝𝑡
𝐶
  (2.18) 
Where p is the constant power, t is the discharge time, C is the total capacitance of a UC and 
VMAX is the initial voltage [97, 99, 100]. 
The main limitation of UCs is their low specific energy, which means that they cannot 
provide a reasonable driving range as a single component of an ESS [101]. 
2.4.3 Hydrogen Fuel Cells 
Given that the main problem with EVs is their long recharging time, other sources of energy 
have been proposed that require less time to restore the available energy. The most common 
type is hydrogen FCs [38]. As stated in [102], an FC is not an energy storage device, but an 
electric generation device because it combines hydrogen and oxygen to produce electricity. 
As a result, in contrast with batteries and UCs, FCs cannot be recharged during the 
regeneration braking process [103]. 
The main benefit of FCs is its high energy capacity, which is comparable with fuel tanks of 
conventional vehicles. As the energy is stored in the hydrogen gas, the refuelling process is 
faster than recharging the energy in batteries and UCs [40, 104].  
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Figure 2.30 illustrates the structure of FCs: 
 
Figure 2.30: Configuration of FCs [37] 
The chemical reaction inside FCs is described as [105]: 
 2𝐻2 + 2𝑂
− → 2𝐻2𝑂 + 4𝑒
−  (2.19) 
 𝑂2 + 4𝑒
− → 2𝑂2−  (2.20) 
As stated in [102], the main problem with FCs is their low power density. As a result, FC 
vehicles are slower than conventional vehicles and much slower than battery-powered EVs. 
Compared with electrochemical devices, the regulation of FCs is based on the hydrogen flow 
regulation, as described in [106], and on the following voltage and current requirements: 
 
𝑉𝐴
𝑅𝑇
𝑑𝑃𝐻2
𝑂𝑈𝑇
𝑑𝑡
= (
𝑄𝐴
𝑖𝑛𝑃𝐻2
𝑖𝑛
𝑅𝑇
−
𝑄𝐴
𝑜𝑢𝑡𝑃𝐻2
𝑜𝑢𝑡
𝑅𝑇
) −
𝑖
2𝐹
  (2.21) 
 
𝑖
2𝐹
=
𝑄𝐴
𝑖𝑛𝑃𝐻2
𝑖𝑛
𝑅𝑇
  (2.22) 
Where VA is the output voltage, QA is the hydrogen flow rate, T is the temperature, R is the 
universal gas constant, P is the pressure of the hydrogen in the system and i is an output 
current [106, 107]. 
Figure 2.31 shows FCs’ voltage–current performance for various partial pressures of oxygen 
with the main characteristics of the cells. 
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Figure 2.31: FC Curves for Different Partial Pressures of Oxygen [108] 
Figure 2.32 presents the dynamic behaviour of FCs compared with batteries and capacitors. 
 
Figure 2.32: Power Response Time of Various Energy Sources [109] 
As discussed in [110], a response delay occurs based on two axis regulations: oxygen 
regulation and hydrogen flow regulation. 
To balance the instant power demand, a hybrid ESS has been proposed by many authors [38, 
85, 111, 112]. 
2.4.4 Flywheels 
Flywheel ESSs are considered a mechanical energy storage device, where energy is stored in 
the form of the rotational kinetic energy of the heavy disk (IFlywheel) with high rotational speed 
(ωRotational) [17]. Saved energy can be described using [45]: 
 𝐸 =
1
2
𝐼𝐹𝑙𝑦𝑤ℎ𝑒𝑒𝑙𝜔𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙
2   (2.23) 
In relation to its energy and power parameters, the flywheel system is closer to capacitors in 
terms of its high specific power (up to 5,550 W/kg) and lower specific energy (up to 
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7.4 Wh/kg) per unit, because the rotational speed of the flywheel system is limited by 
mechanical friction in its bearings, as well as safety issues [113]. Figure 2.33 presents the 
typical structure of a flywheel-based generator. 
 
Figure 2.33: Construction of the Flywheel ESS [114] 
To improve the flywheel system’s performance, researchers have proposed three system 
designs: single disk, planetary system and two-disk-based airborne flywheel [115]. These 
designs aim to decrease the cost of the system and improve the performance of the device. 
The main problem with the flywheel ESS is the mechanical nature of the energy. Thus, for 
EV applications, energy should be converted by a motor generator from electrical to 
mechanical and then stored in the flywheel system. The transformation should then be 
repeated. Figure 2.34 outlines the proposed control scheme [116, 117]. 
 
Figure 2.34: Scheme of Flywheel Motor Drive [116] 
Another limitation of the flywheel ESS relates to balance. Its rotational speed can reach 
100,000 rpm; therefore, balance must be ideal and should be controlled by the management 
system for safety reasons. Several systems have been proposed in [115] and [118], which use 
superconducting and PM bearings instead of traditional friction bearings. Figure 2.35 shows 
the charging curve of the developed system. 
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Figure 2.35: Flywheel Charging Performance [118] 
2.4.5 Hybrid Energy Storage Systems 
As shown above, all available solutions for ESSs have different advantages and disadvantages 
compared with other solutions. ESSs are the only available on-board energy source; therefore, 
a universal solution was required for all operational modes, energy and power demands and 
bidirectional energy flow capability. As a result, the hybrid ESS (HESS) was proposed by 
[22, 37, 38, 40, 44, 77, 104, 109, 119, 120]. The HESS aims to incorporate the main benefits 
of each component—that is, the high energy availability of FCs, the high power availability of 
UCs and the balance of parameters of batteries [63]. 
Based on the installed components, several HESS architecture systems have been introduced 
for EV applications: UC–battery [101], FC–UC [121, 122], FC–battery [111] and FC–UC–
battery [109]. 
For the UC–battery ESS design, the purpose of each component is to provide a suitable 
working environment for each component of the ESS. In this design, the battery is used as the 
main energy storage device and the UC is used as the high-power source [123, 124]. The use 
of an UC in the ESS increases the cost and complexity of the system in terms of the power 
electronic components, but it simultaneously reduces the necessary power rating of the battery 
and consequently its cost [125]. The specific power density of the UC system in the UC–
battery is ten times higher than this parameter in the battery pack, whereas the specific energy 
density is 12 times higher for the battery pack than the UC [123]. Figure 2.36 presents the 
system design. 
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Figure 2.36: Battery–UC ESS Architecture [124] 
The operation of the battery–UC ESS is based on three operational modes: boost of power, 
low motor demand and regeneration. In the boost mode, the capacitor supplies the bulk of the 
power and the battery provides the rest. This mode is assigned with the acceleration process 
of the EV when power demand is very high and the battery pack can be damaged by the high 
required current. The lower motor demand mode is assigned with the constant-speed 
movement of the EV. In this mode, the battery can supply all required power to the motor 
and, at the same time, recharge the UC. The regeneration mode is based on the charging of the 
UC and the battery with the high current from the motor/generator. The UC has priority 
because of the safety limitations, and the battery accommodates the remaining power [123, 
124, 126]. 
The results of the battery–UC ESS show a decline in the battery current from 30 A to 12 A. 
This increases the lifecycle of the battery, as shown in Figure 2.37. 
 
 a) b) 
Figure 2.37: a) Current Flow in the Battery as the Only Energy Source; b) Current Flow 
in the Battery When UC is in Use [123] 
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The second hybrid energy storage architecture is based on the FC–UC synthesis. The benefit 
of the FC hybridisation is that it slows down and avoids the short time voltage drop in the 
system resulting from the fuel-starvation phenomenon [127]. As a result, the auxiliary 
electrical source is required to balance the operation of the FC. The UC is the best device for 
balancing the instant demands of the system because of its high power capacity. Figure 2.38 
presents the FC–UC architecture. 
 
Figure 2.38: FC–UC System Architecture [128] 
In the FC–UC ESS, the UC is connected to the drivetrain through the bidirectional converter 
to use the braking energy in the recuperation process because the FC cannot accommodate 
any energy [129, 130]. In the harvesting mode, when the power demand is low, the FC can 
recharge the UC for future high-power-demand situations [130]. 
The application results show the much faster energy response of the HESS compared with the 
standalone FC, where the main energy supply from the FC has been achieved after a certain 
period, during which the UC balances the power demand, as shown in Figure 2.39. The 
negative power shows the recuperative braking mode of the ESS. 
 
Figure 2.39: Power Performance of FC–UC ESSs [129] 
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Compared with the battery–FC combination, the UC has fewer problems with the power 
electronic topology, requires less maintenance and has a longer lifecycle [119, 128, 130]. 
The FC–battery ESS is the next available HESS. In this application, the battery pack is used 
as an auxiliary electric power source [128, 131]. The role of the battery is important in the 
following applications: traction power support during the FC’s starting procedure, power-
assist in the driving cycle, regenerative braking and gradeability performance [132]. Battery 
usage decreases the size of the FC because the battery has high energy-storage capability 
[133, 134]. Figure 2.40 shows the typical architecture of an EV with an FC–battery ESS. 
Further, the combination of an FC and a battery significantly improves the energy efficiency 
of the FC in terms of lower costs compared with an FC–UC system [135]. 
 
Figure 2.40: Architecture of FC–Battery EVs [111] 
The load-balancing mechanism for the FC–battery system aims to minimise the components’ 
degradation by optimising the threshold of the FC and its start-ups and shutdowns [136]. To 
organise the required power flow, the battery is connected directly to the voltage bus, whereas 
the FC is connected via the controller for active power-sharing processes [134]. 
FC–battery ESSs have two operational modes. First, in the low constant power demand mode, 
the FC covers the entire demand up to the maximum possible power and sends the rest of the 
energy to the battery to keep the SoC. Second, in the high-power-demand mode, the FC 
supplies its maximum possible power and the battery covers the rest up to a safe limit [124]. 
Figure 2.41 shows the operational voltage profile of the FC–battery ESS. As shown, power 
from the FC is accessible with a delay, and the battery is ready to cover most of the power 
demand from the initial stage. At the same time, when the load is balanced, the excess amount 
of power from the FC can be used to recharge the battery or keep the SoC at the same level 
[134, 136]. 
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Figure 2.41: Voltage Characteristics of FC–Battery ESS [134] 
The main problem with the FC–battery combination is its limited power capability with high 
energy availability, especially for the regenerative braking application. In this case, a UC can 
be added to the system to meet the extreme power demand [122, 137, 138]. 
A combined FC–UC–battery system provides the possibility to downsize the components 
while retaining the same available power and energy performance. A smaller battery has a 
lower recharging time, which overcomes a significant problem for EVs [137]. Further, as the 
peak power demand of the system is met by the UC and the battery, the size of the FC can be 
based on average power consumption rather than peak power. Additionally, the UC and the 
battery can supply thermal energy to heat up the FC if required [139]. Figure 2.42 shows the 
architecture of the FC–UC–battery system with the interconnections between the components 
and the drivetrain of the vehicle. 
 
Figure 2.42: FC–UC–Battery System Architecture [137] 
To protect the FC from power fluctuations, the battery and the UC can be directly connected 
to the variable HV bus, where the FC can operate on the constant output level, as proposed in 
[44]. Usage of the battery source, support the UC and its SoC can be kept on the good/high 
level to meet any urgent power demand when necessary [140]. This combination allows as 
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much energy as possible to be stored from regenerative braking when the FC is not operating 
[44]. 
The FC–UC–battery system can be based on the series or parallel connection of the elements. 
The most common approach is to have a parallel connection with independence control for 
individual components, as proposed in [141]. For this design, the FC acts as a continuous 
energy supplier because it can operate with high efficiency for a long period without 
sustaining damage. As the UC has a high self-discharge, it is only used for the acceleration 
process and to accommodate regenerative braking energy. The battery acts as a balancing 
component because it has reasonable energy and power density, as well as a faster response 
time than the FC. The main problem that should be covered by the HESS is the small lifecycle 
of the battery. Thus, the HESS controls the SoC and SoH of the battery to decrease applied 
stresses and increase the lifecycle of the battery [109, 141]. 
Separation of the energy sources provides flexibility in the operation of the components. In 
this case, the FC can be selected as the main component, and power and energy regulation can 
be based on its operation [124]. Conversely, the whole system can be based on the battery 
operation, and the load demand can be split based on the SoC/SoH parameters of the battery 
[104, 142]. 
Figure 2.43 shows the performance of the combined HESS based on the voltage level of the 
system and the DC bus. As shown, the voltages from the different sources are combined by 
the power electronic converters to meet the demand. At the same time, the individual voltage 
of the component is relatively low. 
 
Figure 2.43: Voltage Output of the FC–UC–Battery ESS [44] 
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2.5 Energy Management Principles of Islanded Microgrids 
As a system, EVs can be characterised by the available energy limitation and the requirement 
to produce energy within the system to make their operation sustainable. Similar problems 
and limitations can be found in the development of IMGs [143–145]. 
The development of MGs began in the early twenty-first century and resulted from the need 
for clean, reliable electrical sources and the rapid development of distributed generation units 
such as photovoltaic (PV) panels and portable wind generators. MGs are reliable, efficient 
and environmentally friendly because they provide a sustainable electricity system using 
renewable energy (RE) generators [144]. 
Traditionally, an MG can be described as an interconnected circuit of distributed energy 
sources, such as microturbines, diesel generators, wind turbines, FCs and PVs integrated with 
storage devices such as batteries, flywheels and UCs in low-voltage (LV) distribution systems 
with various loads [146]. 
The main benefit of MGs is that they can operate independently from the main grid and can 
be internally controlled. MGs aim to decrease electricity connection costs in remote areas that 
have good wind or solar capacity. Given that MGs are separate from the main central grid, 
there are fewer problems with the connection and with managing distributed generators (DGs) 
[143]. 
Figure 2.44 shows the typical structure of an MG. As shown, it has a substation to connect the 
MG with the main grid. The substation acts as a switch so the MG can be separated from the 
grid at any time based on its operation. 
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Figure 2.44: General Scheme of the MG [147] 
Given that MGs are separated from the grid and most of their generation and storage 
components are DC-based, some researchers have proposed DC MGs to improve the 
efficiency of the system [148–150]. Despite problems with protection, DC MGs have been 
selected because of their high efficiency and reliability resulting from the absence of reactive 
power in the system [148]. 
The main parts of MGs are generators, storage devices and loads, which are all connected via 
high-power inverters to convert produced/stored energy to an equal level [151]. On top of the 
system is the smart controlling system, which is similar to smart grids. The management 
system monitors energy generation and consumption to balance the grid and make it energy 
neutral [152]. As all components are involved in the management process, they must all have 
a specific connection with the monitoring system [153]. 
Multiple objectives can be set as targeted parameters, including power demand, fuel 
consumption for diesel generators, environmental emissions, cost and dispatchable loads 
[153]. The control can be conducted on multiple objective bases because generation units 
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have lower capacity than traditional grids (kW compared with MW). As a robust control 
solution, DC components can be combined using separate converters for individual 
components and then interconnected with the AC component via a single high-power 
centralised inverter, as shown in Figure 2.45. 
 
Figure 2.45: Multiple Bus Control Architecture of MGs Using Centralised Approach 
[153] 
At the same time, several researchers have proposed a decentralised control approach for 
MGs to have flexibility to control DGs in a smaller-scale environment, facilitate a more 
sustainable environment and achieve higher customer satisfaction with a reduction in 
emissions, as shown in Figure 2.46. 
 
Figure 2.46: Decentralised Control Architecture of MGs [153] 
The main problem with the decentralised system is the interactions between various 
controllers for DGs. Another control problem relates to balancing multiple generators, loads 
and interactions between controllable and uncontrollable components [151]. 
In terms of the generation side of control, DGs can be divided into two groups: rotary units 
with the rotational electrical machine interface representation and electronically coupled 
generators with power converters as an output interface [151, 154]. Given the significant 
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difference in behaviour among the connected interfaces, the dynamic behaviour of MGs is 
different from that of conventional power systems [145, 151, 152]. For the control strategy, 
the DG can be presented by the scheme shown in Figure 2.47. 
 
Figure 2.47: Block Representation of a DG Unit for MG Control [151] 
Table 2.1 summarises the operation of several types of DGs with available interfaces and 
power-flow control strategies. 
Table 2.1: Control Principles of DGs in MGs [151, 152, 154] 
Type of DG Primary Energy 
Source 
Interface/Inversion Power-flow Control 
Conventional DG Reciprocating 
engine small hydro 
Synchronous 
generator 
AVR and governor 
control (+P, ±Q) 
Fixed-speed wind 
turbine 
Induction generator Stall/pitch control  
(+P, -Q) 
Nonconventional 
DG 
Variable-speed  
wind turbine, 
microturbines 
Power electronic 
converters (AC–
DC–AC conversion) 
Turbine speed and  
DC voltage control 
(+P, ±Q) 
Solar PV cells, FCs Power electronic 
converters (DC–
DC–AC) 
Maximum power point 
tracking and DC link 
voltage controls  
(+P, ±Q)  
Long-term storage Battery storage DC–DC–AC 
converters 
SoC and voltage 
control (±P/±Q) 
Short-term storage Super-capacitors DC–DC–AC 
converters 
SoC (±P/±Q) 
Flywheels AC–DC–AC 
converters 
Speed control (±P, ±Q) 
The second important part of MGs is the loading part and types of the loads. Two types of 
loads have been identified: electrical and thermal [155]. In terms of optimisation problems, 
the MG control system should be responsible for optimising DG units and demand-side 
management problems [156]. Demand-side management can be performed on a schedule 
 46 
basis and on real-time problems. The main management input for the demand-side is the load-
shifting mechanism, which is based on requests and programmed principles. A multi-agent 
approach has been proposed by several researchers to fulfil the power demand from various 
systems [156, 157]. This approach shows good results in terms of optimisation and 
implementation because all parts of the system should have a common connection link and, at 
the same time, they can make autonomous decisions [158]. 
Demand management is used in MG control to reduce peak demand, reshape the load profile 
to fulfil the generation schedule and achieve higher sustainability [159, 160]. For load control, 
MGs use two separate controllers: real-time and day-ahead with 5 min and hourly forecasts 
for load and generation [160]. 
The MG’s control scheme has a hierarchy with three levels [161]. The first level is applied to 
the local generator control to improve the performance of the individual DGs. This control 
level can be implemented using voltage and current loops, droop functions and virtual 
impedances [162]. The second level is the load control and combined generation and load 
levels. This control level can be based on required frequency, active and reactive power 
demand, and the sharing and voltage level of the MG or its component [163]. The third level 
of control is proposed for a large-scale MG. The main aim of this control level is to achieve 
general optimisation of the processes; therefore, the centralised control scheme is proposed as 
the solution to the optimisation problem [164, 165]. Figure 2.48 shows the hierarchy of 
control in MGs with the communication pattern and power bus. 
 
Figure 2.48: Control Hierarchy Scheme for MGs [163] 
The power control strategies of MGs are based on the operational mode: islanded or grid-
connected. For better sustainability, the islanded mode receives more interest because the MG 
operates independently using internal generation units to fulfil its load demand [155]. 
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In the islanded operation mode, the power generators should be able to supply power on 
demand with minimal waiting time. This is difficult to achieve with renewable generators 
because of the unpredictable nature of the available power; therefore, the ESS should be used 
to store excess energy, if available, and to balance the power peaks in the demand profile. As 
a result, the SoC of the ESS is the crucial control parameter of the power flow in IMGs [166]. 
Figure 2.49 shows the decision-making process for the power-flow control in IMGs. 
 
Figure 2.49: Control of Power Flow in IMGs [166] 
The control of IMGs involves load control, generation control, and load sharing and control 
techniques because of the lack of available energy. The loads can be divided into two types: 
controlled and important. Important loads have a significant effect on people’s safety and can 
be cut off only in an emergency situation when the generation level and SoC of the ESS are 
below critical values [166]. 
The loading profile of the MG can be predicted based on energy usage statistics, and it can be 
used as a prediction for the control algorithm in the form of the loading profile. Standard 
profiles have been developed by IEEE [167], as shown in Figure 2.50. 
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Figure 2.50: Typical Loading Profile of MGs [167] 
Several approaches can be used to balance the load: load shifting, peak clipping, conservation, 
load building, valley filling and flexible load [160]. The load-shifting mechanism is based on 
the shifting part of the loading profile from peak hours to less loading periods and serving 
these loads during those periods [168, 169]. The clipping and valley-filling strategies are 
based on the mitigation of burden peaks. The clipping of the peak is a direct control technique 
to reduce the load, whereas valley filling applies to the reconstruction of the load profile. 
Load shifting is the most common and most efficient strategy in MGs because it shifts time-
independent loads to the off-peak period. Strategic conservation aims to achieve load-shape 
optimisation by directly interacting with consumers’ premises. Load growth relates to planned 
growth of the grid generation and/or storage capacity to meet the critical values of the load. 
Flexible load shape is based on the connectivity of the loads and reliability of the connection 
layout of MGs. For flexible load control, consumers must identify the loads as controllable by 
smart grids [158, 160]. 
The problem with demand-side management can be represented by (2.24) and (2.25): 
 𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 (𝑓) = ∑ (𝑃𝐿𝑜𝑎𝑑(𝑡) − 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒(𝑡))2𝑁𝑡=1   (2.24) 
Where Minimise(f) is the minimisation function statement, PLoad(t) is the actual power 
consumption at time t and Objective(t) is the value of an objective curve at time t. 
 𝑃𝐿𝑜𝑎𝑑 (𝑡) = 𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡 (𝑡) + 𝐶𝑜𝑛𝑛𝑒𝑐𝑡 (𝑡) − 𝐷𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡 (𝑡)  (2.25) 
Where Forecast (t) is the forecast consumption at time t and Connect (t) and Disconnect (t) 
are the number of loads connected and disconnected at time t respectively during the load 
shifting. 
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The main challenge that must be addressed through the implementation of the algorithm is the 
unlimited number of connected devices, which is a common problem in existing control 
techniques in MGs [156]. 
The applied load-demand management system shows better efficiency of MGs and higher 
consumer satisfaction compared with unmanaged methods, with improvements of up to 20% 
for each parameter [157]. 
ESS management in MGs is a significant problem. The role of the ESS is to balance the slow 
energy output of primary energy sources. By installing the ESS, the MG can stably operate in 
islanded mode, even when there is a sudden change in loads [170]. The most common ESS 
for MGs is the battery pack because of its low cost, but some systems have double-layer 
capacitors [171]. In the islanded operation mode, the ESS absorbs or injects power through 
the droop characteristics and the frequency deviation from the management system. The 
referencing signals of the ESS management system are frequency and voltage level or, in 
some cases, current. Figure 2.51 outlines the configuration of the battery-based ESS for MGs. 
 
Figure 2.51: Configuration of Battery ESS for MG Applications [170] 
For MG applications, the power of the battery pack can vary from 100 W to several 
megawatts. The estimated efficiency of the battery pack for MGs ranges from 60% to 80% 
depending on the operational cycle, loading profile and electrochemistry of the battery [172, 
173]. 
In contrast with the battery pack as an ESS, where the battery acts as an energy balancer for 
long periods, the UC unit is used in MG ESSs as a power-flow compensator for a limited time 
and high fluctuations in the load demand, or as a constant voltage and frequency compensator 
for high energy situations [171, 174]. 
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Research has shown that a composite ESS (CESS) with a UC and battery unit is more suitable 
for an MG with a standalone PV system [175]. The bidirectional nature of an MG with a 
CESS requires adaptive power flow for the DC–DC converters because the converters should 
be able to dynamically allocate the load current and power demand between the battery and 
UC units. At the same time, the power demand control should be based on the performance 
advantages of each component of the CESS. To complete this task, a steady power demand 
should be allocated for the battery unit, and the transient power demand should be allocated to 
the UC unit [174]. Figure 2.52 shows the benefits in terms of dynamic responses. 
 
Figure 2.52: Dynamic Response for the Step Current Change from the CESS in an MG 
[174] 
As shown, the UC smooths the peak current during the delay in the response from the battery 
pack. As a result, the total current sums from the early current flow from the UC, and it takes 
the load when the battery can provide enough current. This combination keeps the voltage 
level constant, which is crucial for the stable operation of the MG. Figure 2.53 shows the 
interaction of the MG with the CESS. 
 
Figure 2.53: Interface Architecture for ESS in MG [172] 
Researchers have developed various converter topologies and control strategies. The first 
topology uses separate DC/DC converters to control individual components of the ESS. Each 
storage system can be controlled separately to achieve better flexibility. The control 
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architecture of this topology is based on the DC voltage bus control for the outer loop and the 
UC current control for the inner loop, as shown in Figure 2.54 [176]. 
 
Figure 2.54: Control Algorithm for Parallel Topology for MG [176] 
The second topology for ESS integration into the MG is floating topology, in which the 
battery is directly connected to the DC bus and the UC is connected via a single DC/DC 
converter. The UC in this system is used to supply/absorb fast power variation to prevent 
damage to the battery. Figure 2.55 displays the control diagram [176]. 
 
Figure 2.55: Control Strategy for Floating Topology of the MG [176] 
The third topology is the three-level neutral-point clamped converter (3LNPC) topology [158, 
177, 178], in which the battery is used as a voltage source for the converter where the UC is 
used to filter the switching effect. The control strategy is based on the voltage balance 
between two capacitors, which are between the ESS and the converter, as shown on Figure 
2.56. All control approaches of this topology are based on the signal modulation to decrease 
the voltage and power load on the semiconductors [178]. 
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Figure 2.56: Control Algorithm for 3LNPC topology [178] 
2.6 Summary and Discussion 
In conclusion, the literature review has shown that EVs are the most sustainable method of 
transportation in the future. However, several problems are associated with EVs, including 
limited distance on a single charge, long charging time and restricted EMSs. Extant research 
has examined drivetrain control optimisation and the management system design of the ESS. 
HESSs are more efficient than single storage devices, but they have several limitations. 
Conversely, ESSs are single energy that are available on board with an unlimited number of 
electrical appliances. 
At the same time, researchers have shown that current MGs face similar limitations in terms 
of energy usage and generation, as well as balancing these variables. To solve the energy 
management challenges, the load-sharing technique has been proposed for MG applications. 
Various load-sharing techniques with different applications provide benefits in terms of 
energy usage and improvements for consumers. 
This chapter has shown that EVs can use MG energy management approaches with load-
balancing mechanisms. For finite tuning of EMSs for EVs, the loading profile should be 
created, and the priority of the loads should be identified. Further, a power electronic design 
that is suitable for integrating the components should be implemented because all MGs are 
based on the governing control systems to operate with the grid for the benefits. 
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Chapter 3: Existing Architectures of Electric Vehicles 
3.1 Introduction 
As discussed in Chapter 2, many problems are associated with EVs’ energy management 
strategies and energy efficiency. Thus, several EMSs have been developed for IMGs. 
The MG’s load management system requires an understanding of the loading profile and the 
importance of the existing loads. Similarities between MGs and EVs include limited available 
energy resources, stochastic nature of the systems’ internal generation and low connectivity of 
the loads. Further, most MG management is based on the central management unit, which 
combines generation facilities, ESSs and consumption requests for better energy supply and 
experience. 
This chapter examines the loading profile for EVs. First, it provides an understanding of the 
power requirements of EVs from the drivetrain load to auxiliary loads. Second, it examines 
the control algorithms and existing architecture for vehicular electric can electronics. This 
chapter concludes with a summary of the problems with existing solutions and power-loading 
requirements. 
3.2 Electrical Load Study for Electric Vehicles 
This section describes the loading profile of EVs and electrical systems. An understanding of 
the loading profile is required for the training of the EMS to help understand the principles of 
load-sharing techniques. This section outlines the power requirements of the systems and their 
individual components. Further, it discusses the operational time of the systems to further 
understand the loading profile and to predict the energy consumption of EV systems. In 
addition, all systems will be examined for importance based on their effect on the vehicle’s 
safety. The systems’ importance parameters will be based on the industrial standard ISO 
26262 [179]. 
3.2.1 Drivetrain Power Requirements and Loading Profile 
The drivetrain component of the vehicle is the driving force of any vehicle. The powertrain 
should provide steady acceleration according to various vehicle masses, as well as a safe 
maximum speed for different conditions and speed limits. 
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The power requirement for the drivetrain is based on external forces that act on the vehicle: 
 𝐹𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 𝐹𝐴𝑒𝑟𝑜 + 𝐹𝑟_𝑓 + 𝐹𝑟_𝑟 + 𝐹𝑈𝑝_𝐻𝑖𝑙𝑙 (3.1) 
Where FExternal is the total external force acting on the vehicle, Faero is the total aerodynamic 
drag force, Fr_f and Fr_r are the tyre resistance forces of the front and rear wheels and FUp_Hill 
is the gravitational resistance force for the uphill movement. 
Equations (3.2)–(3.4) present the external resistance force calculations: 
 𝐹𝐴𝑒𝑟𝑜 =
1
2
𝜌𝐴𝐶𝐷𝑉
2 (3.2) 
Where ρ is the density of the air, A is the cross-section area perpendicular to the movement, 
CD is the drag coefficient of the vehicle’s body and V is the velocity of the vehicle. 
 𝐹𝑟_𝑓 = 𝑊𝑓 ∗ 0.01(1 +
𝑉
147
)  (3.3) 
 𝐹𝑟_𝑟 = 𝑊𝑟 ∗ 0.01(1 +
𝑉
147
)  (3.4) 
Wf and Wr are the weight allocated for the front (Wf) and rear (WR) axes accordingly. The 
weight distribution of the vehicle depends on two parameters. The first parameter is basic 
weight allocation, which is based on the construction of the vehicle, weight of the components 
and position of the occupants. The second parameter is acceleration and dynamic weight 
distribution. 
Dynamic weight distribution for the front (ΔWF) and rear (ΔWR) axes for the acceleration 
process distribution can be calculated as: 
 ∆𝑊𝐹 = −𝑊𝑡
𝑎𝑥ℎ𝑐𝑔
𝑎𝑔𝐿
  (3.5) 
 ∆𝑊𝑅 = 𝑊𝑡
𝑎𝑥ℎ𝑐𝑔
𝑎𝑔𝐿
  (3.6) 
Where Wt is the total weight of the vehicle, ax is the longitudinal acceleration, hcg is the height 
of the centre of gravity, ag is the gravitational acceleration and L is the wheelbase of the 
vehicle. 
The gravitational resistance force can be found using: 
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 𝐹𝑈𝑝_ℎ𝑖𝑙𝑙 = 𝑊𝑇 sin(𝜃)  (3.7) 
Where WT is the total weight of the vehicle and θ is the inclination angle of the road. As 
shown in (3.7), the gravitational resistance force exists for the uphill movement, but not for 
the horizontal road movement or the downhill movement. For the downhill movement, the 
force becomes positive and supports the vehicle’s movement. 
Figure 3.1 displays the applied points of the forces. 
 
Figure 3.1: Simplified Force Diagram of Vehicle 
The overall supplied force of the drivetrain should satisfy the following rule: 
 𝐹𝐷𝑟𝑖𝑣𝑒𝑡𝑟𝑎𝑖𝑛 ≥ 𝐹𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 (3.8) 
The required output force of the motor should be higher than the external resistance force. For 
further analysis, Figure 3.2 shows the output characteristics of a motor versus velocity for an 
average vehicle that weighs 1,500 kg and has a cross-sectional area of 2.5 m2 and an 
aerodynamic coefficient of 0.35. 
 
Figure 3.2: Resistance Force Function 
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If the torque force of the drivetrain is higher than the resistance force, the vehicle will 
accelerate. The acceleration process can be described as: 
 𝐹𝐷𝑟𝑖𝑣𝑒𝑡𝑟𝑎𝑖𝑛 − 𝐹𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑚𝑎𝑥  (3.9) 
Where m is the mass of the vehicle and ax is the acceleration of the vehicle. 
To evaluate the output parameter of the motor, the output torque should be calculated. Given 
that the power is to be transferred by the wheels only, the motor torque is applied to the shaft 
of the wheels, as shown in Figure 3.3. 
 
Figure 3.3: Schematic Forces Acting on a Wheel 
Where Fd is the driving force of the wheel, Tm is the torque of the motor, r is the radius of the 
wheel and ω is the rotational velocity of the wheel. 
The applied motor torque can be calculated as: 
 𝑇𝐷𝑟𝑖𝑣𝑒𝑡𝑟𝑎𝑖𝑛 = 𝑟𝑤ℎ𝑒𝑒𝑙𝐹𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙  (3.10) 
Given that the transmission uses the differential with the main gear and the gearbox to change 
the supplied torque, the final applied drivetrain torque can be calculated as: 
 𝑇𝐷𝑟𝑖𝑣𝑒𝑡𝑟𝑎𝑖𝑛 = 𝑇𝑀𝑜𝑡𝑜𝑟𝑛𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (3.11) 
Where TMotor is the output torque of the motor and ntransmission is the cumulative transmission 
ratio of the gearbox and the main gear. 
The second assessment of the drivetrain is based on the power analysis of the movement. The 
requirements can be expressed as: 
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 𝑃𝐷𝑟𝑖𝑣𝑒𝑡𝑟𝑎𝑖𝑛 ≥ 𝑃𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 (3.12) 
Where PDrivetrain is the output power of the drivetrain and PExternal is the power of the resistant 
forces. 
Equations (3.13)–(3.16) calculate the external required power: 
 𝑃𝐴𝑒𝑟𝑜 =
1
2
𝜌𝐴𝐶𝐷𝑉
3  (3.13) 
 𝑃𝑟_𝑓 = 0.01 (1 +
𝑉
147
)𝑊𝑓𝑉  (3.14) 
 𝑃𝑟_𝑟 = 0.01 (1 +
𝑉
147
)𝑊𝑟𝑉  (3.15) 
 𝑃𝑈𝑝_ℎ𝑖𝑙𝑙 = 𝑊𝑇𝑉 sin(𝜃) (3.16) 
Where ρ is the density of the air, A is the cross-section area perpendicular to the movement, 
CD is the drag coefficient of the vehicle’s body, V is the velocity of the vehicle, Wr and Wf are 
the weight of the rear and front axes respectively, WT is the total weight of the vehicle and θ is 
the inclination angle of the road. 
The drivetrain power depends on the output power of the motor (PMotor) and the efficiency of 
the transmission elements (ηtransmission), as shown in (3.17): 
 𝑃𝑃𝑜𝑤𝑒𝑟𝑡𝑟𝑎𝑖𝑛 = 𝑃𝑀𝑜𝑡𝑜𝑟𝜂𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛  (3.17) 
Figure 3.4 displays the required power of the motor. 
 
Figure 3.4: Resistance Power Function 
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The third requirement for the supplied driving torque and power is the grip of the tyres. The 
driving torque is transferred through the tyres, and the traction force between the tyres and the 
road limits the total torque, as in (3.18): 
 𝑇𝐷𝑟𝑖𝑣𝑒𝑡𝑟𝑎𝑖𝑛 ≤ 𝜇𝑊𝑟/𝑓𝑟𝑤ℎ𝑒𝑒𝑙 (3.18) 
Where Wr/f  are the weight of the rear or front driving axes respectively, rwheel is the radius of 
the driving wheel and μ is the adhesion coefficient between the tyre and the road. 
The adhesion coefficient depends on the slip of the tyre, as shown in Figure 3.5. 
 
Figure 3.5: Adhesive Coefficient of Tyres [2] 
As a result, supplied torque cannot be higher than the available grip level of the tyres. At the 
same time, the drivetrain system must follow the slip ratio to provide the optimal slip angle of 
the tyre to achieve the maximum coefficient of friction and, as a result, effective energy 
realisation. The slip can be found using: 
 𝑆𝑙𝑖𝑝 = (1 −
𝜔𝑅𝑊ℎ𝑒𝑒𝑙
𝑉𝑉𝑒ℎ𝑖𝑐𝑙𝑒
) (3.19) 
Where ω is the angular velocity of the wheels, RWheel is the linear radius of the wheel and 
Vvehicle is the linear velocity of the vehicle. 
Based on the slip angle, there are several important regions of the dynamic of the vehicle: 
1. Free-rolling region: The slip is equal to zero and the linear velocities of the wheels are 
equal to the linear velocity of the vehicle. 
2. Fully-locked point: The slip is maximum, and the wheels are not rotating, but the 
vehicle is moving. The opposite point is full slip, when the wheels are rotating, but the 
linear velocity of the vehicle is zero. 
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3. Slip region: The linear velocities of the wheels are lower (for braking) or higher (for 
acceleration) than the velocity of the vehicle. 
Based on Figure 3. and (3.19), the optimal slip ratio for the dry surface and radial tyres is in 
the region of 0.27–0.35. 
The operation of the drivetrain is based on the output characteristics of the motor. Figure 3.6 
shows the torque output of a typical electric machine. 
 
Figure 3.6: Force Output of Electrical Motor [2] 
As shown, the maximum torque from the motor is available at low velocity and decreases 
with increasing velocity. This provides high acceleration for low-speed movement; with 
increasing speed, acceleration decreases steadily until a point at which all traction force 
compensates the resulting resistance force. Figure 3.7 illustrates the efficiency of the motor 
and its power factor. 
 
Figure 3.7: Output Characteristics of Electric Drive [180] 
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The efficiency curve shows the main advantage of the electric drive over the ICE—that is, it 
has a peak efficiency of 42%. At the same time, the power factor represents the copper losses 
in the windings of the motor/generator. The high-power factor is typical for a high-loaded 
operation [181]. 
The loading profile of the drivetrain is based on existing driving cycles that were developed 
for the environmental testing of conventional vehicles. Testing cycles represent typical 
driving conditions for highways, cities and combined driving conditions. Each cycle consists 
of acceleration, constant speed and braking regions. As shown in Figures 3.8–3.13, different 
driving cycles have been developed for different countries. 
 
Figure 3.8: New European Driving Cycle [182] 
 
Figure 3.9: World Light Testing Cycle for Light Vehicles [182] 
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Figure 3.10: HYZEM Highway Cycle [182] 
 
Figure 3.11: HYZEM Urban Driving Cycle [182] 
 
Figure 3.12: Japanese 10–15 Hot Driving Cycle [182] 
 
Figure 3.13: US Highway Driving Cycle [182] 
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Figures 3.8–3.13 show that cycles have been designed to mimic specific driving conditions in 
various countries such as maximum speed, number and intensity of accelerations, duration of 
the cycle and their length. These cycles measure emissions and fuel consumption; therefore, 
most control strategies for HEV and EV drivetrains are developed based on these cycles to 
achieve efficient drivetrain control, as in [183, 184]. 
The main benefit of any proposed cycle is repeatability. The same results can be replicated for 
different systems, and their performance can be compared [185]. Thus, this study compares 
emissions and fuel/energy consumption for various systems (ICEs and HEVs). The main 
problems are the absence of a detailed description of the auxiliary loads as part of the 
vehicle’s usage and the difference from real-world scenarios. This means that the effects of 
most systems are not covered when the number of systems has been increasing steadily [186]. 
Further, most cycles are based on the stand testing, with limited influence of aerodynamic 
forces, and then in real-world conditions. In addition, the length of driving cycles is shorter 
than normal conditions, with limited effects from the traffic and temperature [187]. For the 
emissions estimation, the duration of the cycle has a small effect because it can be expanded 
further by approximation. In contrast, the estimation of the driving range on a single charge 
cannot be based on the estimation of energy consumption within one driving cycle and further 
calculations because of the behaviour of the ESS with a high and low SoC, as shown in 
Figure 3.14 [89, 188]. 
 
Figure 3.14: Charging and Discharging Curves of LiFePO4 Battery [89] 
Driving cycles are primarily used in advertising materials, with the energy consumption for 
EVs tested using one of the above cycles depending on the country or applied optimisation 
strategies. Further, real-world driving scenarios are significantly affected by traffic congestion 
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[189, 190], driving style [65, 191] and the vertical profile of specific roads and the number of 
turns [187, 192, 193]. As a result, EVs’ actual energy consumption and driving range are 
much lower than the testing results show. Moreover, at the beginning of driving cycles, the 
ESS is fully charged, whereas in real-world scenarios, such conditions are not achievable 
[185]. 
The power bus architecture of the drivetrain is based on the following assumptions: 
1. The power flow has a bidirectional nature. The electric drive in EVs operates as a 
motor for the acceleration mode and as a generator for the recuperative braking 
process. 
2. The power request is received from the driver through the driving pedal for the 
acceleration mode. The braking mode should be controlled via both acceleration and 
braking pedal positions. 
3. The acceleration process is based on the available energy in the ESS. 
4. The braking process is based on rotational speed, braking system control algorithms, 
weight distribution, SoC of the ESS and load request. 
Weight distribution depends on the acceleration and the height of the centre of gravity, as 
shown in (3.19): 
 𝐹𝑎 = 𝑚𝑎
ℎ
𝐿
  (3.19) 
Where Fa is the weight transfer, m is the mass of the vehicle, a is the acceleration, h is the 
height of the centre of gravity and L is the wheel base. 
During the acceleration process, when the velocity is increasing, the weight distributes on the 
rear axis and the front axis is unloaded. During the braking process, the weight distributes to 
the front and loads the front wheels. The weight distribution adds additional energy capability 
for the braking process if the generator is mounted at the front because higher braking torque 
can be applied. In contrast, the front engine solution has lower acceleration capability, which 
limits the efficiency of the motor and compromises the control algorithms [194]. 
The most common solutions for an EV’s propulsion system are permanent magnet DC 
(PMDC) motor [195, 196] and AC induction motor [13, 197, 198]. Both solutions have 
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advantages and disadvantages. PMDC motors are more efficient but more expensive. In 
contrast, AC motors are cheaper, but they are less efficient weigh more. 
An additional controller is required to control the speed and torque of the PMDC motor. A 
half-bridge bidirectional DC/DC converter can usually be used, as shown in Figure 3.. 
 
Figure 3.15: Half-bridge PMDC Drive [195] 
The speed and torque regulation of the PMDC motor is based on the frequency and supplied 
voltage and torque values, as presented in (3.20): 
 
𝑑𝜔
𝑑𝑡
=
𝐾𝑤
𝐽
𝑖𝑎 −
𝐵𝑚
𝐽
𝜔 −
𝑇𝐿
𝐽
  (3.20) 
Where ω is the rotational speed of the motor, Kω is the back EMF, TL is the loading torque of 
the motor, J is the rotational inertia of the vehicle and Bm is the viscous coefficient of friction. 
Then, to regulate the speed of the motor, we can use (3.21) for the acceleration process and 
(3.22) for the generation process: 
 𝜔 =
𝑉2𝑚−𝐼𝑎𝑅𝑎
𝐾
  (3.21) 
 𝜔 =
𝑉2𝑅𝑒𝑔−𝐼𝑎𝑅𝑎
𝐾
  (3.22) 
Where V2m is the output voltage of the converter, V2reg is the required voltage for ESS 
charging and K is the motor’s torque constant. 
An equation for the converter control is based on the voltage required for the motor operation, 
and it can be found as a function of the duty cycle (D) of the switches Q1 and Q2 of the 
converter in Figure 3.. The function to connect the voltage of the battery as the primary input 
of the system with the supplied voltage can be described as: 
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𝑉𝑏𝑎𝑡𝑡
𝑉𝑀𝑜𝑡𝑜𝑟
= 𝐷𝑄2 = 1 − 𝐷𝑄1  (3.23) 
 
Figure 3.16: Switching Signal for PMDC Drive [195] 
Figure 3. shows the pattern of the drive signal for the switches of the converter. As shown, the 
controlling technique for the PMDC is more complicated than that of DC motors. 
For the operation of an asynchronous AC motor, the DC current of the ESS should be 
converted into a three-phase AC with the possibility of a bidirectional power-flow operation. 
 
Figure 3.17: AC Motor Drive [13] 
As shown, the diodes added to the switches provide the bidirectional power flow that is 
required during regenerative braking. In addition, it converts the AC to DC to comply with 
the charging curve of the battery. 
The speed control of the motor is achieved through the frequency control of the output current 
of the inverter, as described in (3.24): 
 𝜔 =
2𝜋𝑓
60
− 𝑠  (3.24) 
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Where ω is the rotational speed, f is the frequency of the AC and s is the slip of the motor. 
The supplied torque can be calculated as: 
 𝑇 =
3
2
𝑝𝜆𝑚𝑖𝑞  (3.25) 
Where p is the number of poles, λm is the flux of the motor, iq is the supplied current and T is 
the torque of the motor [199]. 
3.2.2 Passive and Active Safety Systems 
3.2.2.1 Active Safety Systems 
Active safety systems assist drivers in challenging conditions to prevent road accidents by 
slowing the car or avoiding obstacles by changing direction. There are two primary active 
safety systems: power steering, which helps drivers to avoid obstacles, and brakes. These 
systems are the most important, and they should always have enough power to operate under 
any circumstances [200, 201]. 
The power consumption of active safety systems depends on the components employed. 
Electric power-steering mechanisms employ an electric motor that sits on the steering shaft or 
hydraulic pump for hydraulic power steering. The duration of operation is equal to the 
duration of operation of the vehicle. Here, duration of operation is defined as the assumed 
fraction of time in which the system operates in relation to the total time in which the vehicle 
operates. 
The power supplied to the motor needs to be sufficient to steer the wheels across the range of 
possible vehicle velocities and requested rotational velocities of the steering shaft. Based on 
[13], the power requirements for the steering motor is 2 kW [201, 202]. Figure 3. shows the 
operational principle of the power-steering mechanism with its key components. 
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Figure 3.18: Configuration of Power-steering Mechanism [203] 
The steering mechanism is operated based on the position of the wheels and requests received 
from the driver. Electronic components assist the driver by providing a safe environment and 
drivability in various conditions [202]. Figure 3. displays the control logic for the operation of 
the steering wheel. 
 
Figure 3.19: Decision-making Process of Power Steering [203] 
The twin-motor solution can be used to achieve a higher fault tolerance for power-steering 
mechanisms. In this solution, each motor has less power. In normal conditions, supplied 
power is distributed between both motors. If one motor has a fault, the other will assist the 
driver to move the car to a service station [202]. 
The braking system in EVs consists of two separate systems. The first is the regenerative 
braking system, which operates on the powertrain power bus and supplies power back to the 
EV. As shown above, electric motors cannot produce enough braking torque alone; therefore, 
hydraulic or pneumatic mechanisms are required. Hydraulic brakes do not require additional 
power to operate because the brake pedal transmits pressure to the brake callipers. However, 
electric power must be provided for the anti-lock braking system (ABS) and electronic 
stability control (ESC), which are operated based on high-pressure pumps, as shown in the 
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common hydraulic system architecture in Figure 3. [68]. ABS/ESC use speed and torque 
individual sensors on the wheels to calculate the rotational speed of the wheels, and they use 
computer units to perform calculations [204]. 
 
Figure 3.20: Hydraulic Braking System Architecture [68] 
The total required power for the braking systems is 100 W, and most of the power is used to 
operate the pump to vary the pressures within the system [201]. The duration of operation of 
the braking systems depends on the driving conditions. Slippery roads combined with a high 
number of stops (e.g., stop–start city driving) may result in a duration of operation of up to 
10% of the total driving time [21]. 
Figure 3. shows the connectivity of the active safety systems discussed above, as well as their 
power requirements and duration of operation. 
 
Figure 3.21: Active Safety Systems’ Power Requirements and Duration of Operation 
3.2.2.2 Passive Safety Systems 
Passive safety systems prevent occupants from being injured in an accident; thus, they are a 
high priority in the automotive industry. 
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The main components of passive safety systems are airbags, seatbelt pre-tensioner actuators 
and sensors [205]. Piezo sensors are used to activate airbags when a collision is detected. The 
detected collision then initiates a small explosion to deploy the airbags [206]. Piezo sensors 
need to be powered to supply information to the system the entire time the vehicle is 
operating. While the energy used to deploy the airbags can be considered negligible from an 
energy management perspective, there must be enough energy in reserve at all times to be 
able to deploy the airbags, and for their real-time protection and monitoring systems [206]. 
Another power-consuming device is the system’s control unit, which operates the entire time 
the vehicle is operating. Based on [207], the unit uses in the order of 10 W of power. 
The seatbelt pre-tensioner system, which only operates in an emergency, has relatively high 
power requirements. The power for each seatbelt is usually 100 W, and this amount of power 
must be available in the case of an accident. 
Figure 3. shows the connectivity of the passive safety systems discussed above, as well as 
their power requirements and duration of operation. 
 
Figure 3.22: Passive Safety Systems’ Power Requirements and Duration of Operation 
3.2.3 Heating, Ventilation and Air Conditioning System 
In addition to the propulsion system, the heating, ventilation and air conditioning (HVAC) 
components are the highest consumers of energy in EVs. 
In contrast to conventional internal-combustion-powered vehicles, heating and AC systems 
require high amounts of electric power to heat and cool. For this reason, the key components 
of the HVAC system operate on a HV bus along with the drivetrain [208]. Intensive usage of 
the HVAC system can decrease the driving range between 35% and 50% [209]. 
The main energy consumers in the HVAC system are the fans, heating elements and air 
compressor pump [210]. Fans are a critical part of the HVAC system, and each fan requires 
800–1000 W of peak power depending on the required rotational speed and the size of the 
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vehicle. Given the ventilation requirements for a vehicle, the duration of operation is equal to 
the total the vehicle is being operated [211]. Despite operating the entire time the vehicle is 
running, peak power is only used for the starting procedure corresponding to 10% of the total 
vehicle operating time [67]. The rest of the time, 20% of the fan’s peak power is enough to 
recirculate the air to prevent the windows from fogging [211]. 
The heater uses the second-highest amount of energy after the drive motor. It is the only 
source of thermal energy to heat the cabin and, if necessary, parts of the powertrain. Given the 
relatively low heat production by the electrical part of EVs compared with that generated by 
internal combustion vehicles, the heating system requires up to 10 kW of peak power with a 
high effect on the operational conditions of the propulsion system. The duration of operation 
depends on the outdoor temperature and the vehicle cabin’s thermal insulation. Research has 
shown that heating elements consume up to 50% of a vehicle’s overall energy consumption, 
including the propulsion components [212]. 
The power required for the AC pump is lower than that required for the heating element and 
is in the range of 3–5 kW [210]. The duration of operation for both the heating element and 
the AC pump is high; however, these elements usually only need to operate at 15–20% of 
peak power to maintain a constant temperature inside the vehicle [212]. Figure 3. shows the 
architecture of the HVAC system in EVs. Mitsubishi’s i-MiEV was used for the system 
architecture layout. 
 
Figure 3.23: HVAC System Configuration [210] 
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Additional heating elements can be installed to the front and rear windscreens [201]. These 
elements operate in cold and foggy conditions to clear the windscreens and provide visibility. 
Each heating element requires 800 W of power and requires 15% duration of operation of the 
vehicle’s operational time. For passenger comfort, additional heating elements may be 
installed in the seats and steering wheel. The peak power requirements for these elements can 
be as high as 800–1,000 W with a 15–50% duration of operation [213]. 
An issue with HVAC systems in EVs is that their peak power occurs at the start of the 
vehicle’s operation to provide comfortable conditions for passengers. Once the requested 
temperature has been reached, the system uses much less power to maintain the climate [214]. 
Figure 3. shows the connectivity of the HVAC systems discussed above, as well as their 
power requirements, duration of operation and overall importance. 
 
Figure 3.24: HVAC System Power Requirements and Duration of Operation 
3.2.4 Lights and Wipers 
Lights and wipers are two systems for which energy consumption should be considered under 
specific conditions. Lights are required during the twilight and night time, whereas wipers are 
required when there is rain or snow, or when the window is being cleared with wiper fluid 
[215]. These considerations affect the amount of power they require during the vehicle’s 
operation. 
In many countries, day lights must be on the entire time the car is in operation. Day lights 
consume far less power than low- and high-beam headlights, but their 100% duration of 
operation makes them a critical consideration in any power-consumption strategy. Other 
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lights, such as stoplights, tail lights and indicators, operate for a longer period than high 
beams. 
The introduction of light-emitting diode (LED) lighting has significantly influenced the power 
consumption required for lighting; however, because of cost and controllability 
considerations, LED lighting has not yet become a common solution for vehicle lighting. 
Vehicles’ interior lights should also be considered. Given that the required light output is low, 
single LEDs are being used for internal lighting; however, because these lights are always on, 
they constitute considerable energy consumption. 
Wipers are another important system that provides visibility to drivers in conditions such as 
snow and rain. The power required for the main motor of a single wiper is approximately 
150 W. Wipers and lights can be considered more important than multimedia or HVAC 
systems, but less important than the critical safety systems discussed earlier. For this reason, 
they are assigned an importance factor of 0.7. 
As mentioned earlier, the duration of operation for lights and wipers depends on the 
circumstances. For example, in rainy conditions, the wipers operate 100% of the time, and 
lights operate 100% of the time for night time driving. 
For the purpose of designing the control logic in this paper, the duration of operation is 
assumed to be 15% for wipers, 100% for day lights and 30% for low-beam lights (considering 
high-beam operation and day lights that remain on and contribute to night time lights). 
Figure 3. shows the power requirements of lights and wipers, as well as their duration of 
operation and overall importance. 
 
Figure 3.25: Power Requirements and Duration of Operation for Lights and Wipers 
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3.2.5 Infotainment Systems 
The growing number of different entertainment systems being introduced into vehicles and 
widespread demand for support for mobile devices has affected vehicles’ power consumption. 
Modern multimedia systems often incorporate medium to large touchscreen interfaces that 
often operate 100% of the time and have a high power consumption of 250 W. They also 
commonly include a global positioning system (GPS) and Bluetooth hands-free functionality, 
which require approximately 10 W of power each, with the duration of operation equal to the 
vehicle’s duration of operation. 
In terms of power requirements, the number of speakers and their peak power have the largest 
influence on the system’s overall consumption. Speakers can be divided into several classes 
based on their operational output frequency, and therefore on the peak power consumed: high-
frequency speakers have low power consumption of 5–10 W and numbers of 2–4 for the 
vehicle, middle-frequency speakers with medium power consumption of 20–25 W and 
numbers of 2–4 and high-power, low-frequency speakers with high power consumption of 
40–100 W and a single speaker. For mid-sized cars, two high-frequency and four medium-
frequency speakers are now standard features. The speakers’ duration of operation in normal 
conditions is equal to the car’s duration of operation. The difference is the consumed power, 
because all speakers usually operate at 50% of the peak power to create a comfortable level of 
music. 
Several other systems are currently available for some models. Rear-view cameras and 
parking radars are among the most common additions to the multimedia. Further, in some 
countries, people use dash cams to assist them with reverse parking, and they charge mobile 
devices using the cigarette lighter port. For reverse-parking assistance, the duration of 
operation is very low and can be negligible because the system is only used for the reversing 
movement. When used as a source of electricity, cigarette lighter ports may consume up to 
150 W of power. If the port is used as a power socket, it may operate for the entire duration of 
the vehicle’s operation (50–70 W). To tune the load controller, this energy consumption 
should be included in the tuning process because it can be replaced with wireless charging for 
mobile phones or other useful, but energy-consuming, options. 
Figure 3. shows the energy consumption of multimedia systems in EVs. 
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Figure 3.26: Multimedia System Power Requirements 
3.2.6 Loading Profile Summary 
The results are summarised in Table 3., which shows the top power requirements of the 
groups of systems, as well as their importance and the key control element for the load-
sharing techniques. 
Table 3.1: Summarised Loads of EV 
System Name Power Requirements (kW) Importance 
Drivetrain 100 (approx.) 0.85 
HVAC 8 0.6 
Airbag/passive safety 0.5 1.0 
Brake assistance 0.3 1.0 
Power steering 2.1 1.0 
Wipers 1.5 0.6 
Multimedia system 0.8 0.1 
Lights 0.5 0.8 
Given that energy consumption is based on both power requirements and operational time, 
auxiliary loads have a cumulative power requirement of 12 kW. This is around 15% of the 
powertrain’s power requirements. In terms of energy consumption, auxiliary loads can 
consume up to 45% of the stored ESS energy because of their high operational time. For 
example, for a city-driving cycle with condensed traffic conditions in a cold region, the 
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drivetrain will have low consumption because the average speed is low and the overall energy 
consumption is high. The largest energy consumers in this scenario are the HVAC system, 
lights and wipers, and the infotainment system. HVAC has the highest power requirements; 
therefore, the high operational time, which is close to the operational time of the vehicle, will 
result in high energy consumption and a limited driving range. 
3.3 Existing Architectures 
As shown, the number of electrical systems in vehicles is a growing trend with unpredictable 
request patterns and power requirements. Further, EVs are purely electrical and have several 
voltage levels depending on their power requirements, whereas in conventional vehicles, all 
electrical systems are connected to the same bus line with fixed DC voltage. This section 
discusses the architecture and the main components of the electrical busses in conventional 
vehicles, HEVs and PEVs. It also details the structure, efficiency and controllability of the 
system, and it evaluates overall system efficiency, connectivity between the systems and 
configurations of power electronics. 
3.3.1 Vehicle with Internal Combustion Engine 
The power flow in conventional vehicles is concentrated around ICEs, which are used as the 
main component of the drivetrain, and they also supply power to most systems because they 
have a mechanical nature with electronic control. In fact, all systems in conventional vehicles 
can be divided into two groups based on the powered mechanism: crankshaft powered and 
electrically powered. 
An ICE can be considered a power plant with infinite energy reserves that allow it to operate 
at a wide range of velocities and that allow multiple components to be added to the system 
with little effect on the overall driving range of the vehicle. Further, it takes several minutes to 
restore the driving range of conventional vehicles. Several limitations affect the allowed 
number of systems in vehicles. The first limitation is ecology standards, which are applied 
around the world to control engine emissions. The second limitation is fuel consumption, 
which is directly linked to ecological standards because less burned fuel results in fewer 
emissions. 
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An ICE as a power plant converts the energy of burned fuel into the turning energy of the 
crankshaft. As all of the engine’s power is transferred through the crankshaft, it is used as an 
energy source for all components and for the powertrain’s operation. 
Crankshaft-operated components are connected via the belt to the crankshaft of the ICE and 
do not require any electrical power. These systems are crucial to the vehicle’s operation, and 
their electric versions are added to EVs. However, their operation is directly linked with ICEs 
in conventional vehicles. 
The first group of components connected to the ICE are the active safety components, which 
comprise a pneumatic brake booster and a power-steering pump. These systems are operated 
pneumatically or hydraulically, and their operation is controlled through electronic valves, 
where the ICE is used as a power supply for the hydraulic pump for power steering and as a 
vacuum generator for the brake booster. 
The second system that relies on the ICE operation is HVAC. Heating energy is taken directly 
from the cooling system of the ICE. During its operation, the ICE reaches temperatures of 
700–900 °C, and it requires intensive cooling. As a water cooling system is used for these 
purposes, the heating system uses energy from the cooling system to heat the air of the 
vehicle’s interior. The air conditioning system is based on high- and low-pressure systems 
with inert gas inside. The main component in air conditioning is the compressor. In 
conventional vehicles, it is powered directly by the crankshaft with an electronically 
controlled switch relay. The relay switches the pump on and off and does not consume any 
electric power in the long run. 
The third important component that is connected to the crankshaft is the belt-driven alternator. 
A claw-pole alternator is the source of electric energy in conventional vehicles. Construction-
wise, an alternator is a brushed or brushless DC generator with an optimum generation speed 
of around 800 rev/min. This speed is selected to provide a stable electric supply on the 
lowest-possible speed of the crankshaft. As the alternator supplies electrical energy to the 
whole system, variations in electrical loads lead to a higher loading torque supplied to the 
crankshaft and higher fuel consumption. 
Figure 3. illustrates the architecture of the power flow in conventional vehicles. As discussed, 
all energy is generated in the ICE and then mechanically transferred to its components. 
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Figure 3.27: Mechanical Energy Distribution in Conventional Vehicle 
In terms of electrical system architecture, conventional vehicles have a single-voltage-bus 
modular architecture. To increase the flexibility of the system’s configuration and enable 
manufacturers to install different options and devices, modular architecture provides the best 
results. Figure 3.28 outlines a typical bus connection. 
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Figure 3.28: Electric Bus Architecture of Conventional Vehicles 
The only source of electrical power is an alternator. As shown earlier, it takes mechanical 
energy from the crankshaft and converts it into electric energy. A 12 V battery is added to the 
system to balance the bus and supply power to the important component when the alternator 
is not working or in case of emergency or false. In addition, the battery provides power to the 
electric starter to start the ICE. During summer, the system’s voltage is 13.5 V, and during 
winter, higher power consumption is balanced by an increase to 14.5 V. To stabilise the 
voltage and balance the power demand, the field current of the alternator is used, which is 
supplied by the battery. 
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The power flow has directed nature from the alternator–battery to the loads and is controlled 
by individual system controllers. In this case, the power request is generated by the individual 
controller of the system, and the alternator and battery should cover the system’s overall 
demand. At the same time, individual controllers have limited connection to each other in 
terms of power requests. 
Signal processing in the existing system is based on the simple principle of the CAN-bus, but 
with limited interactions between systems. There are ways to combine access to various 
systems in one unit, but the unit will still generate simple power requests for the main control 
units of the system that will be in use. 
The power request in the existing system can be generated by the occupants or the designated 
sensors. Some systems can be controlled by both the occupants and the sensors. The best 
example of a system with signal processing is the braking system. A braking system with 
ABS can be controlled by the driver as well as the wheel sensors. In this case, sensors detect 
the slip of the wheels and control the pressure in the individual braking lines, whereas the 
driver controls the general deceleration and pressure in the overall system. 
Figure 3. shows the signal generation and processing architecture of conventional vehicles, 
and it highlights the sources of requests for the systems or devices. 
 
Figure 3.29: Signal-processing Network in Electronic Systems of Conventional Vehicles 
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As shown, the request cannot be predicted in advance because the main requests are received 
from the occupants depending on their safety and comfort requirements. In addition, the 
control signals or power requests from the sensors are based on the outdoor environment and 
cannot be predicted in advance. Further, signal processing is based on decentralised individual 
controllers with no connection, which limits controllability over the entire system. 
The main benefit of the existing system is its high false tolerance of the overall architecture 
and individual systems. In this system, false in one system or controller has a small effect on 
other systems. Further, in an era of connectivity and the Internet, individual controllers might 
have limited access from the outside environment. Thus, the cyber security of the solution is 
high. 
3.3.2 Hybrid Electric Vehicles 
HEVs incorporate more than one propulsive power source to energise the vehicle and all of its 
systems. HEVs combine an ICE with electric power sources to optimise energy consumption, 
generation and gas emissions. On-board batteries are used to energise the additional electric 
motor, which is not only used to improve the acceleration performance of the vehicle, but also 
to recharge the battery during the recuperative braking process. The increasing number of 
systems and advances in control over the propulsion system play the main role in HEV 
control and emission reduction [216–218]. 
The main benefit of HEVs is higher operation efficiency at a low speed because of the high 
efficiency of the propulsion system’s electric components. As electric machines are designed 
to operate in specific conditions, they are more efficient than ICEs. The second benefit is that, 
when braking, energy is transferred back to the ESS instead of being wasted through heat. 
Third, HEVs do not waste energy idling because the ICE can be switched off. Electric power 
can be supplied from the ESS, and efficiency is higher compared with conventional vehicles. 
Based on these benefits, the previously discussed driving cycles will provide different 
benefits to HEVs compared with conventional vehicles. The efficiency gain of HEVs is based 
on total idling time, initial battery SoC, top speed and its duration, acceleration requirements 
of the cycles and non-propulsive load usage. 
The architecture of HEV components is based around the propulsive system and its 
components. As average power requirements of electric drive components are significantly 
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higher than the average power requirements of electric components in conventional vehicles, 
a HV bus should be added to the electric system of HEVs. HV busses can combine the 
propulsion battery and bidirectional motor controller, and they might have some non-
propulsive loads based on their power requirements. 
In addition to the HV bus, the LV bus is integrated into the HEV system with minor changes 
in construction. The connection between HV and LV busses is organised using a DC/DC 
converter. 
The most common topology of the HEV is a 48 V-based topology, which allows carmakers to 
convert existing vehicles into HEVs with minor changes in the powertrain and transmission 
system, resulting in a high efficiency gain. Figure 3.30 presents the power architecture of a 
48 V HEV. 
 
Figure 3.30: Power Architecture of 48 V-based HEV [219] 
As shown, the modular construction of the power bus is adopted without changes from 
conventional vehicles. The connectivity between the HV and LV busses and loads is limited 
to one point. The regenerative braking capabilities depend on the SoC of the battery and are 
controlled by an electric motor converter. 
An efficient converter design should be used to connect the two busses. It should be scalable 
to various power outputs based on the systems’ requests, and it should have thermal 
management and an information protocol attached, over-voltage and over-current protection 
and a 12 V battery-charging system [220, 221]. A metal-oxide semiconductor field effect 
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transistor or IGBT-based high-frequency H-type converter is selected as the best solution for 
the described application. Figure 3. illustrates its topology. 
 
Figure 3.31: High-frequency DC/DC Converter for HEV Applications 
The control architecture in HEVs has a decentralised nature similar to a conventional control 
system. Load requests are generated by occupants or a system of sensors and are then 
processed by individual system controllers. The main difference in the control algorithm of 
HEVs is associated with the propulsion system. If an engine control unit (ECU) for engines 
only solves the optimisation equation for ICEs, it operates with both parts of the propulsion 
system in HEVs. In conventional vehicles, the ECU only operates the engine, whereas the 
HEV system should have a built-in brake-control function. Further, the propulsion control 
system should have an additional monitoring and displaying interface to communicate with 
the driver. 
Existing systems do not include non-propulsion systems in the energy optimisation equation 
because of the effect of the ICE. There is a low degree of hybridisation in most modern 
HEVs, which means that the electric motor and overall electric part of the propulsion system 
are smaller than the conventional part of the powertrain. Thus, if the driving cycle includes a 
long time at a constant speed with low regenerative capability, the HEV operates as a 
conventional one. This leads to higher fuel consumption and emissions and negates all 
benefits of the hybrid propulsion system. 
The signal-processing structure in HEVs has the same architecture and sources of signals and 
requests as conventional vehicles. The difference in signal processing is only present in the 
drivetrain and braking control algorithms. 
As the drivetrain has two separated drivers, all acceleration requests received from the driver 
should be evaluated to control the effect of each part of the propulsion system on the 
acceleration procedure. In this regard, the control system should be designed to either 
optimise fuel consumption, efficiency or emissions, or to achieve the best performance. 
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In addition, the braking process in HEVs uses different request processing compared with 
conventional vehicles. In HEVs, the electric part of the propulsion system works as an electric 
brake, so the braking controller should control not only the pump and valves of the fluid 
braking system, but also the motor controller for the generation operation. The control 
techniques then have two optimisation requirements: maximum generated power or maximum 
braking torque. The possible generation power of recuperative braking is based on the SoC of 
the main ESS. 
3.3.3 Electric Vehicle Architectures 
EVs’ class includes the combination of battery electric vehicles (BEVs), FCEVs and range-
extended EVs. The propulsion system of these classes relies fully on an electric motor drive. 
It does not have an ICE or, in the case of range-extended vehicles, it is only used to charge the 
batteries; it has a minor effect on the transmission. 
The benefits of EVs compared with other architectures are outlined below: 
1. high efficiency of the powertrain 
2. zero or low air and sound pollution 
3. smoother operation 
4. recharges from clean energy sources 
5. efficient regenerative braking with higher capability than HEVs. 
The electrical architecture of modern EVs is close to the architecture of HEVs. It has two 
connected voltage busses: a HV bus line to accommodate the needs of the propulsion system 
and high-power non-propulsion appliances, and an LV bus for other systems. 
The powertrain of EVs is based on an electric motor drive. Given the flexibility of operational 
regions for electric motors, the transmission system can be eliminated or simplified to 
improve the overall efficiency of the drivetrain. The speed and torque control in EVs is 
moved from the transmission side to the motor controller side. 
As the regenerative braking process is the key element of all EVs, the motor controller should 
have a bidirectional operational mode. Further, as the forward and reverse-movement modes 
can be implemented into a motor controller without additional gears, the forward and reverse 
driving modes should be available within the motor controller. 
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In addition to the drivetrain, HVAC components are integrated into the HV bus line. To 
improve the differential protection system for the HVAC and its high power demand, it is 
introduced in the same voltage bus with the drivetrain. 
Figure 3. shows the common electrical architecture of modern EVs with important power 
electronic devices. 
 
Figure 3.32: Power Architecture of EVs 
The internal construction of DC/DC converters for EVs is the same full H-bridge converters 
in HEVs. However, the propulsion system in EVs operates on a voltage over 100 V DC, so 
the step-down ratio of the DC/DC converter should be lower. 
The most common architecture of the motor controller is based on the induction or PM motor 
drive. For these reasons, the DC/AC inverter should be used for control purposes. Figure 3.33 
presents an example of an inverter for motor drive control. 
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Figure 3.33: Inverter Design for Motor Drive in EVs 
The presented design of the inverter has good controllability and bidirectional modes for 
motor control with high control over the recuperative process. In addition, the design provides 
the possibility to match the designed voltage level of the HV bus. The problem with the 
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presented design relates to the status of the ESS, because regenerative braking can be 
controlled through the charging current of the ESS. 
Non-propulsion systems and LV appliances have low integration into the HV bus line. As 
shown in Figure 3., the LV bus line has an independent energy source in the form of a 12 V 
battery. A DC/DC converter in this architecture plays the role of the charger for the LV 
battery. The operation of the converter is based around a certain minimal SoC of the LV 
battery. In addition, the power flow through the DC/DC converter is based on a cumulative 
power request from the LV systems. 
In the existing design, EVs’ control and optimisation problem is based on drivetrain control 
and, in the case on FCEVs, ESS management. Non-propulsion systems are not considered, 
primarily because of their low connectivity with the HV bus. Moreover, all systems in the LV 
bus are taken from existing vehicles, with small or no changes in the control. The same ECU 
and sensors are used for infotainment systems and other services; thus, deep integration and 
advanced control cannot be introduced because it has not been developed properly. 
3.4 Summary and Discussion 
The loading profile for the on-board components is based on the energy consumption of the 
drivetrain component, which has the highest power demand, and the auxiliary loads. The 
increasing number of additional systems creates an energy shortage in EVs with limited 
power resources. 
The existing architectures of electrical systems in conventional vehicles, EVs and HEVs are 
similar and are based on the modular structure. This approach saves money during the 
development phase because the same system can be used in different vehicles without 
changes; however, the interconnection between the systems is limited. Each system operates 
individually, and the loading pattern is based on random requests received from the driver, 
occupants or, in the case of safety systems, sensors. 
As shown in Chapter 2, systems with limited stored energies, such as IMGs, are moving to the 
centralised control architecture, which combines various systems and their loads requests into 
a single system. The decentralised system’s efficiency in terms of overall system performance 
is limited to individual converters, whereas the centralised control system provides better 
overall performance.  
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Chapter 4: Thermal Energy Management in Electric Vehicles 
4.1 Introduction 
As discussed in Chapter 3, the HVAC system has the highest power requirements after the 
propulsion system. To balance the power flow, the HVAC introduced in the HV bus of EVs. 
Another challenge in the power consumption of the HVAC system is the high operational 
time of its components, which is close or equal to the operational time of EVs. This has an 
extremely high negative effect on the driving range when the HVAC is in use. The driving 
range on a charge can decline by up to 50% from the original expected range. 
In conventional vehicles, most of the thermal energy for the HVAC’s heating process is taken 
from the ICE. As a result, its cooling system does not require additional electrical heaters, and 
it has a minor effect on emissions and fuel consumption. In HEVs, most of the thermal energy 
is based on the ICE’s heat generation, as in conventional vehicle systems. In EVs, no systems 
have been developed to exchange heat efficiently because the heat generation of the 
propulsion system’s components is relatively low. However, the propulsion system’s power 
converters require a temperature management procedure. Given the small size of the power 
electronic elements, the heat-generation capability is limited. To solve the thermal energy 
problem, an air-based cooling system with a fan is introduced. 
This chapter analyses the thermal energy flow in the propulsion system of EVs with DC and 
AC motors, the design of the system to use generated thermal energy in HVAC applications 
and ways to improve the overall efficiency of EVs through an additional thermal EMS. The 
system design is presented for the drivetrain and the ESS. Findings are presented regarding 
the system design and the overall energy saved from the usage of the developed system with 
integration into HVAC heat generation. 
4.2 Thermal Energy Generation in Electric Vehicles 
4.2.1 Motors’ Thermal-generation Study 
Motors have intense heat-generation potential because the components have relatively low 
efficiency and possible losses. The possible losses have two sources: electrical and 
mechanical. Electrical losses can be divided into constant iron losses and variable copper 
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losses. Mechanical losses are based on the friction in bearings and the effect of the air flow on 
the rotation of the rotor. The key factors of heat generation in motors are associated with 
electrical losses. 
Copper losses (Pc) are based on the internal resistance of the winding (Rw) and supplied 
current (Is). These losses are considered constant losses with a limited effect from the 
rotational speed. They can be calculated as: 
 𝑃𝐶 = 𝐼𝑠
2𝑅𝑤  (4.1) 
Iron losses are associated with fluctuations in the rotating magnetic flux of the rotor and its 
effect on the created magnetic field of the stator. The latest findings [222] show that iron 
losses in induction AC motors can be calculated as: 
 𝑃𝐼 = 𝑘𝑒
1
𝐸
∑ ∑ 𝑘𝑒𝑙
∗ (𝑒𝑙𝑖, 𝐵𝑚𝑎𝑥𝑖) ∗ 𝑣𝑖 ∗ [(
𝐵𝑟,𝑗+1
𝑖 −𝐵𝑟,𝑗
𝑖
∆𝑡
)1.5 + (
𝐵𝛩,𝑗+1
𝑖 −𝐵𝛩,𝑗
𝑖
∆𝑡
)1.5]𝑁𝑖=1
𝐸
𝑗=1   (4.2) 
Where PI is the power of iron losses, ke is the coefficient of longitudinal magnetisation of the 
material, BMaxi is the maximum value of the flux density, k
*
el is the coefficient of rotational 
magnetisation depending on electrical ellipticity, E is the number of moments in the harmonic 
period, Δt is the step time, vi is the volume of iron related to the specific region, and Birj and 
BiΘj are the radial and tangential components of the flux density in the i-th region and j-th 
moment. 
As shown, the motor losses are difficult to predict because of the high number of influential 
variables and parameters. The presence of losses results in the heating of the stator and the 
rotor. For the most common EV motors—PMDC and AC—the rotor has limited accessibility, 
where the size of the stator is suitable for a possible heat-exchange procedure. 
The motor is constructed to be cooled down by the fan-effect of the rotor. This means that a 
large amount of generated heat is removed by the rotational parts of the motor. In addition, 
the rotor’s cooling effect is difficult to predict because the shape of the rotor varies from 
motor to motor. The largest cooling effect can be seen in squirrel-cage induction motors 
because of the specific shape of the rotor. 
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Thus, losses are present in the electric motor and have a major effect on its heating process. 
They cannot be predicted or simulated with high accuracy because of the rotor’s cooling 
effect. Windings are a key element to consider as a heat generator for further heat exchange. 
A special testing cycle was designed to study the thermal behaviour of the winding of the 
motors. Common testing cycles for the propulsion system have good repetitiveness of results. 
Several standard cycles have been developed around the world for fuel-economy testing, as 
discussed in Chapter 3. These cycles are all represented by sets of acceleration-braking 
processes. These tests can be repeated many times in different areas and testing setups 
because they can be run on a motor stand indoors. 
However, the main problems with existing testing cycles are their limited distance and time 
duration, which make them unrepresentative for long-term studies. For ICEs, the operating 
temperature is defined based on the recommended operating temperature; thus, for testing 
purposes, the ICE should be heated to the designated temperature. For electric motors, the 
initial temperature for testing is set to the temperature of the environment. To obtain the long-
term performance, an estimation approach is used instead of natural testing. A long-term run 
is required for proper studies of temperature performance because the motor’s temperature 
should be monitored throughout the run on a charge time. 
To overcome the operational time problems and view the temperature map of electric motors, 
the new European driving cycle was redesigned to fulfil the requirement of long operational 
time. The developed testing cycle includes the new European driving cycle as a reference for 
the initial part of the cycle, followed by the 12 defined sets of long-term runs with constant 
speed. The designed procedure shown in Figure 4. simulates the run of the vehicle with 
constant velocities in low-traffic conditions, such as highway roads. The main aim of this 
study is to improve the driving range; therefore, long-term runs with constant velocities are 
suitable for the study to obtain the full picture of the performance gain. Further, variable 
speeds provide an opportunity to evaluate the rotor’s cooling effect. The total duration of the 
testing cycle is 9,500 s. Table 4. presents details of applied velocities and the loading torques 
for the testing procedure. 
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Figure 4.1: Testing Cycle for Temperature Analysis 
Table 4.1: Developed Testing Conditions 
Step Start, s End, s V, km/h V, m/s nMotor, rpm Tresistant, Nm 
1 0 200 40 11.1 348 160 
2 200 400 50 13.9 435 212 
3 400 600 40 11.1 348 160 
4 600 800 50 13.9 435 212 
5 800 1,200 100 27.8 870 649 
6 1,200 2,400 10 2.78 87.0 73.1 
7 2,400 3,600 20 5.56 174 90.6 
8 3,600 4,800 30 8.33 261 120 
9 4,800 6,000 60 16.7 522 277 
10 6,000 7,200 70 19.4 609 352 
11 7,200 8,400 80 22.2 696 439 
12 8,400 9,600 90 25 783 538 
The testing was conducted on a Festo electromechanical system with two motors: PMDC and 
AC synchronous. Given that the main aim of the analysis is to obtain dependency between the 
operation of the motor and its temperature, the required torques from Table 4. were adjusted 
to meet the power characteristics of the 1.5 kW testing setup. 
To further study the available thermal energy, temperature probes were placed in two sections 
of the motor: directly in the outer shell of the winding and on the protective case of the motor. 
The EV’s motor usually has a protection case for the safety of the operation. It also blocks 
heat from leaving the area of the motor. To obtain comprehensive results and characteristics 
of the temperature distribution, high-speed temperature probes were placed on both windings 
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and cases of the testing motors to obtain a comprehensive overview of both parts for further 
heat-exchange designs. Testing for both motors was conducted with an external temperature 
of 21 °C. 
Figure 4. represents the thermal testing data for the PMDC motor. 
 
Figure 4.2: PMDC Motor Temperature Characteristics 
As predicted, several factors directly affect the motor’s thermal energy generation. The first 
factor is the slip on the low speed. As a result of the slip, the efficiency of the motor 
decreases, so the losses cause additional heating that can be seen in low-speed regions. The 
second factor is the self-cooling of the motor. The effect of self-cooling can easily be seen in 
the fifth testing region, when the temperature steadily decreasing due the high rotational 
speed. For the mid-range rotational speed, within 700-1000 rpm, the tendency is towards a 
slow increase in temperature until certain level followed by the region of constant 
temperature. The heating from losses on this velocity is limited by the cooling effect of the 
rotating rotor, as shown in the final sections of Figure 4.2. The third factor is the location of 
the temperature probe. The winding temperature reaches the highest temperature of 67.2 °C, 
whereas the motor heats up to 42 °C at the end of the procedure. 
Based on these observations, the key findings are as follows. The operational temperature of 
the winding can reach high values for the PMDC motor; therefore, it can be used as a thermal 
energy generator for further usage in the HVAC system. Further, the thermal exchange 
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system should be in contact with the windings, but not in the case of the motor, to increase the 
available resources. 
For further analysis, as a second common drivetrain component, synchronous motors were 
tested for comparison with the PMDC motor. In common applications, one large induction 
motor operates with a single EV axis, regardless of whether the PMDC motor is usually used 
for wheel-hub applications and has a lower power specification. For heat generation, the AC 
motor has a higher current flow because the power cannot be distributed between smaller 
drivers. In addition, iron losses in AC motors resulting from frequency adjustments cause 
additional temperature generation. Figure 4. shows the results of the thermal testing for the 
AC synchronous motor. 
 
Figure 4.3: AC Motor Temperature Testing 
Compared with the PMDC motor, the AC motor shows a slight variation in heat generation. 
As shown in Figure 4., for regions with a higher load and speed, the AC motor generates more 
heat than the DC because of the higher losses in the stator from the effect of the slip and the 
flux interaction between the stator and rotor. Another observation is that the normal operation 
temperature range is lower, so the generated heat energy is slightly lower. The highest 
generated temperature for AC in the same conditions as for PMDC is 51.2 °C, which is almost 
15 °C less than the same temperature for the PMDC motor. In contrast, if the PMDC motor 
 91 
generates most of the heat in low-speed, low-load conditions, the AC shows a trend towards 
generating more heat when the speed and load increase. The last difference is the case 
temperature, which follows the winding state more precisely than the PMDC motor. In this 
case, thermal isolation from the casing part is not as efficient as for PMDC motors. Further, 
there is a smaller self-cooling effect in AC motors than for PMDC motors. 
4.2.2 Energy Storage System Thermal Management 
In the developed system, the ESS includes three parts: Li-Ion battery, UC and hydrogen FC. 
Each element has its own heat dissipation performance. 
Heat generation in the battery is based on the presented internal resistance and depends on the 
supplied current in both the charging and discharging processes. The battery-heating equation 
is presented as [223]: 
 
𝑃𝐿
𝑃𝐵
= 1 −
𝐼𝑅𝑐
𝑉𝑐
 (4.3) 
Where PL is the external power (charging or discharging), PB is the generated power in the 
battery in electrochemical processes, I is the supplied current, RC is the internal resistance and 
VC is the voltage of the battery cell. 
Heat generation in a UC is based on internal resistance and the supplied current. Internal 
resistance represents the losses that generate the heat. The UC heating function is shown as: 
 
𝑑𝑞𝑈𝐶
𝑑𝑡
= 𝐼2𝑅𝑈𝐶   (4.4) 
Where RUC is the series resistance of the UC. It depends on the type of UC and lies in the 
range of 0.078–0.8 mΩ. 
As the current depends on the SoC and the supplied current, the overall heating process is 
described as (4.5): 
 
𝑑𝑞𝑟𝑒𝑣
𝑑𝑡
= −2𝑇
𝐶𝑘𝑏
𝑒
ln (
𝑎𝐻
𝑎0
)
𝑑𝑉
𝑑𝑡
  (4.5) 
Where qrev is the irreversible heat, or generated heat, that can be used in the cooling system, T 
is the contact temperature of the surface, kb is the Boltzmann’s constant, C is the capacitance 
of the UC (assumed to stay constant), e is the charge of the electron/ion in the UC, V is the 
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applied voltage and aH and a0 are the thicknesses of the Helmholtz layers and electrolyte 
regions [224]. 
Heat generation in FCs depends not only on losses, but also on the energy-generation 
electrochemical process. FCs’ thermal behaviour can be calculated as [225]: 
 𝑄𝐹𝐶 = 𝐸
𝑂 +
𝑅𝑇
2𝐹
ln [𝑝𝐻2(𝑝𝑂2)
0.5
]  (4.6) 
Where: 
 𝐸𝑂 = 1.229 − 8.5 ∗ 10−3(𝑇 − 298.15)  (4.7) 
Where QFC is the heat energy-generation capacity of the FC represented by the Nernst 
generation process, EO is the reference potential of a unity activity, 𝑝𝐻2 and 𝑝𝑂2 are the 
hydrogen and oxygen partial pressures in atm., T is the cell’s temperatures in K, R is the 
universal gas constant and F is the Faraday’s constant. 
4.2.3 Power Electronic Thermal Management 
IGBTs are the most common power electronic devices in the ESS propulsion system. Given 
that IGBTs are designed to have two layers to achieve a high adjustment level, their thermal 
behaviour is based on the two layers’ losses. In terms of losses, each layer can be presented 
with its equivalent resistance and capacitance (Ri and Ci) [226]. Then, the thermal behaviour 
through thermal resistance Z is presented as: 
 𝑍(𝑡) = 𝑅1 (1 − 𝑒
𝑡
𝑅1𝐶1) + 𝑅2 (1 − 𝑒
𝑡
𝑅2𝐶2)  (4.8) 
Losses are presented in the IGBT device in two phases: switch-on and switch-off. The overall 
power of losses then follows [227]: 
 𝑊𝑡𝑜𝑡𝑎𝑙 = 𝑊𝑜𝑛 +𝑊𝑜𝑓𝑓 = ∫ 𝑉𝐶𝐸(𝑡)𝐼𝑐(𝑡)𝑑𝑡
𝑡2
𝑡1
+ ∫ 𝑉𝐶𝐸(𝑡)𝐼𝑐(𝑡)𝑑𝑡
𝑡4
𝑡3
  (4.9) 
Where Wtotal is the total heat capacity power, Won is the turn-on losses, Woff is the turn-off 
losses, ti is the beginning and end time for the transition process, VCE is the applied voltage 
and IC is the applied current flow. 
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As shown, the generated power depends on the switching time, so the higher the frequency of 
the PWM signal that is applied, the less temperature that will be generated. However, the 
internal resistance of the IGBT depends on the temperature, so the generated heat should be 
removed quickly because of the elevated level of currents and voltage applied for power 
electronics in the propulsion system of EVs. 
In this case, heat evacuation is the safety measure rather than a positive heat-generation 
process. Thus, the thermal management system should protect the IGBT from overheating, 
even with the current SoC-based power electronics. 
4.3 Designed Thermal Exchange System 
The following processes should be considered when designing the thermal exchange system: 
1. The heat exchange between hot solid parts, such as windings of the motors, surface of 
power electronic devices and surface area of batteries and liquids. This process allows 
the water to increase in temperature so it can be transferred to the cool part of the 
system. 
2. The cooling process between the water and cold parts, which requires additional 
thermal energy. 
3. The copper winding of the motor has a homogeneous and uniform temperature 
distribution and temperature gradient. 
4. Heat dissipation (Q) follows the linear approximation function, where k is the 
coefficient of dissipation for given temperature difference (ΔT), as in (4.10): 
 𝑄~𝑘∆𝑇  (4.10) 
5. The heat dissipation rate in the cooling elements stays constant. 
To evaluate the heat-exchange process, the coolant was selected as water under atmospheric 
pressure. This assumption was made because of the relatively low operational temperatures of 
the electric elements in EVs compared with the boiling temperature of the water. 
For further application, when the operational conditions of the EV varies and the external 
temperature is below 0 °C, other types of coolants can be used instead of water. 
The heating process can be calculated using Newton’s law of cooling: 
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 𝑄𝑂𝑏𝑡𝑎𝑖𝑛𝑒𝑑 = ℎ𝐴(𝑇𝑠 − 𝑇𝑓)  (4.11) 
Where h is the convection heat-transfer coefficient, A is the contact area, Ts is the temperature 
of the motor and Tf is the temperature of the fluid. 
For the estimation calculation of the heat capacity produced by the motor, the h coefficient 
was calculated as follows: 
 ℎ =
𝜌𝐶𝑝𝐷𝑣
4𝐿
(1 − 𝑒−𝑚)  (4.12) 
 𝑚 = 0.1448
𝐿0.946
𝐷1.16
(
𝑘
𝜌𝐶𝑝𝑣
)0.214  (4.13) 
Where ρ is the density of the coolant, Cp is the specific heat capacity of the coolant, D is the 
hydraulic diameter, L is the length and k is the coefficient of fluid thermal conductivity for the 
coolant. 
For the selected materials—copper and water—h = 58.9 W/(m2K). 
The exchange process depends on the area of the cooling. For the motors, the windings were 
selected because they have a higher temperature and, as a result, higher heat-generation 
capacity. 
For the tested samples, the area of the motors was measured as ADC = 0.0754 m
2 for the DC 
motor and AAC = 0.0723 m
2 for the AC motor. 
The exchange occurs between motors with a temperature of 50 °C and the water that has 
cooled down in the system to 35 °C. The heat power capabilities of DC (4.14) and AC (4.15) 
motors are calculated as: 
 𝑄𝐶𝑎𝑝_𝐷𝐶 = ℎ𝐴(𝑇𝑠 − 𝑇𝑓) = 58.9 ∗ 0.0754 ∗ (50 − 35) = 66.616 𝑊  (4.14) 
 𝑄𝐶𝑎𝑝_𝐴𝐶 = ℎ𝐴(𝑇𝑠 − 𝑇𝑓) = 58.9 ∗ 0.0723 ∗ (50 − 35) = 63.877 𝑊  (4.15) 
For the ESS cooling part, the following calculations were applied: 
For the surface-convection exchange, the process can be expressed as (4.16)–(4.19), 
according to [228]: 
 𝑄𝑘𝑢 =
(𝑇𝑠𝑜−𝑇𝑓,𝑖𝑛)
𝑅𝑢
  (4.16) 
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Where: 
 𝑅𝑢 =
1
(𝜌𝐶𝑝?̇?)(1−𝑒−𝑁𝑇𝑈)
  (4.17) 
 𝑁𝑇𝑈 =
𝐴𝑘𝑢𝑁𝑢𝐷ℎ𝑘𝑓
𝐷ℎ(𝜌𝐶𝑝?̇?)
 (4.18) 
 𝑁𝑢𝐷ℎ = 𝐶𝑝(
𝑅𝑒𝐷𝑃𝑟
𝐿/𝐷ℎ
)1/3(
𝜇𝑓
𝜇𝑠
)0.14 (4.19) 
Where Cp is the specific heat capacity, L and Dh are the hydraulic length and diameter of the 
cooling tubes that are in contact with the battery, ReD is the Reynold’s number for the coolant 
flow, Pr is the Prandtl number of thermal diffusivity, kf is the coolant thermal conductivity, 
Aku is the contact area, μf and μs are the flow parameters of the coolant, ρ is the density of the 
coolant and ?̇? is the gradient of the velocity flow. 
The overall heat-generation capacity of the ESS can be estimated as: 
 𝑄𝐸𝑆𝑆 = 𝑄𝐵𝑎𝑡 + 𝑄𝑈𝐶 + 𝑄𝐹𝐶 = 2548.56 𝑊  (4.20) 
Given the low dimensions of the power electronic devices, the effect of their heat generation 
can be neglected compared with the heat generation of the ESS and propulsion elements. 
The designed system is based on the water cooling with a continuous flow. The flow in the 
system is based on the requirements of the coolant flow and is supplied by the electric pump. 
In conventional vehicles, the pump is powered directly from the crankshaft of the ICE, but in 
EVs, the supplied power of the motors is limited, so an additional electric motor is required. 
The power parameters for the drive motor of the pump conditions are calculated in (4.21)–
(4.23): 
 𝑃𝐻𝑒𝑎𝑡 = 𝐶𝜌𝑉
𝜕𝑇
𝑇
 (4.21) 
 𝑃𝑃𝑢𝑚𝑝 = 𝑝
𝜕𝑣
𝜕𝑡
 (4.22) 
 𝑃𝐻𝑒𝑎𝑡 = 𝑃𝑃𝑢𝑚𝑝  (4.23) 
Where C is the energy capacity of the coolant, ρ is the density of the coolant, V is the volume 
of the coolant, 
𝜕𝑇
𝑇
 is the gradient of the temperatures along the cooling system, p is the 
pressure in the system and 
𝜕𝑣
𝜕𝑡
 is the flow parameters of the coolant. 
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As the pressure is known, the flow of the liquid can be calculated as: 
 
𝑑𝑉
𝑑𝑡
=
𝐶𝜌𝑉∆𝑇
𝑝𝑇
= 9.722𝑙/𝑠  (4.24) 
Based on this equation, the required power is: 
 𝑃𝑃𝑢𝑚𝑝 = 𝑝
𝑑𝑉
𝑑𝑡
= 972𝑊 (4.25) 
Given the hydraulic losses in the system, the final design shows that the PPump is 1.2 kW. 
Based on the assumptions and analysis above, the water cooling system was developed, as 
shown in Figure 4.. 
M
ESS Power Electronics
Propulsion 
System
Interior Heating
Radiator
Cooling
Liquid
Reservoir
 
Figure 4.4: Developed Cooling System with Integration into the HVAC of an EV 
The developed system has several design points: 
1. All heat exchangers are based on the two-contours system, which organises a heat 
exchange when the temperature of the elements is high enough. As the cooling 
contours are separated, the individual thermal management can be obtained. 
2. Cooling of the coolant in the system has two steps: exchange with the HVAC system 
and the radiator exchange process. The cooling can intensify the heat transfer for all 
possible conditions—even when the HVAC uses the air conditioning system. 
3. The system is used as a thermal protection element for power electronics; therefore, 
the heat exchanger for the power electronics is located before the ESS to intensify the 
evacuation because the temperature of the coolant is relatively low. 
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4. To intensify the cabin’s heating process, the HVAC exchange occurs when the coolant 
has the highest temperature. Only then can the coolant be further cooled in the 
radiator. 
5. HVAC heating elements can be used for heat generation for the coolant. This process 
is important in extreme wintry conditions. ESS elements have individual operating 
temperatures, as well as low and high limits; therefore, the winter heating system can 
be integrated into the developed solution. This system enables the use of electrical 
energy from the charging system overnight to keep the temperature of the ESS 
elements within the operational range. It can further decrease the energy consumption 
of the system through temperature optimisation of the selected components. 
6. The regulated valves follow the control patterns showed in Figure 4.: 
 
Figure 4.5: Cooling Valves’ Decision-making Pattern 
The designed system directly affects EVs’ heating processes. Given the intensive heat 
exchange, the power requirements for the heating elements in the HVAC system are lower 
than in existing systems. 
Current solutions have a minimum power rating for the heating elements set at 5–8 kW, 
whereas in the developed solution they can be reduced to 3.5–5 kW. Including the additional 
pump to power the system, energy savings of up to 8% can be achieved compared with 
existing systems. 
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4.4 Conclusion 
This chapter analysed the effect of various components’ thermal behaviour on the overall 
energy management of EV systems. The temperature behaviour of the drivetrain systems’ 
components showed a trend to increase the temperature over time until a certain value (up to 
70 °C) and then remain constant over a long period. In addition, the propulsion components’ 
efficiency is affected by the increased operational temperature. The problem growth with the 
decreasing of the operational system. The simulation studies did not consider the self-cooling 
effect of the motor, with the performed experimental study showing that the mid-range and 
mid-load redoing trend had an increase in temperature. Further calculations showed that the 
generated heat from the propulsion system can be used in HVAC components to decrease the 
peak power consumption of the heating elements. However, the generated heat is not 
sufficient to fully cover the heat consumption of the HVAC system. 
Based on these results, this study proposed a cooling system with heat exchangers, which 
receive heat from the motors, ESS and power electronic components and transfer it to the 
HVAC heat exchangers. Heated air is further heated by the elements in the HVAC system to 
achieve the required comfortable temperature. The designed system decreased the power 
consumption of HVAC heaters by 17% compared with the current system. 
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Chapter 5: Design of Centralised Energy Management System 
5.1 Introduction 
As discussed in Chapters 2 and 3, the existing architectures of EVs and the arrangement of 
electric appliances is based on the modular decentralised structure. Existing architectures have 
low connectivity between various systems and voltage busses with different voltage levels. As 
shown in the literature review, MG systems have moved to the centralised control architecture 
because it provides better connectivity and efficiency of the grid. Further, robustness and 
reliability for important loads increases in centralised systems compared with the 
decentralised architecture. 
This chapter presents the developed design of the centralised system with required 
performance characteristics. The chapter has five sections. The first section presents a general 
approach for the centralised architecture design in EV applications and the main benefits and 
trade-offs of the developed solution. The next three sections present the design of the 
system’s three key elements: the ESS, propulsion elements and auxiliary loads. The last 
section discusses the effect of PV integration into the EV’s electrical system and the gain of 
an additional generation unit for the overall performance of the system. 
Each section will discuss the design and requirements of hardware parts such as converters, 
inverters and additional power electronic elements, followed by the control algorithm design 
to control the developed power solutions. 
5.2 Architecture 
Chapter 3 outlined the existing solutions for electrical architectures in EVs. The main 
principle of the existing architectures is two separated voltage busses with decentralised 
connection of the systems. Figure 5. displays the existing architecture. 
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Figure 5.1: Existing Electrical Architecture 
The first architecture—a HV bus—is used to accommodate the propulsion system and its 
components and, in some cases, the HVAC system. The second architecture—an LV bus—
accommodates other auxiliary loads, such as safety components, lights and wipers, and the 
infotainment system. Figure 5. presents the existing architectures. It shows the direction of the 
power flow in the busses, where the centralised ESS is connected to the bidirectional power 
inverter to operate with the propulsion system. 
 
Figure 5.2: Principle of Existing Electrical Bus Design for EVs 
The only connection between HV and LV busses is presented by the H-bridge DC/DC 
converter. Figure 5.3 shows the principle design of the H-bridge converter. 
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Figure 5.3: H-bridge DC/DC Converter [221] 
This converter has a stable output voltage, high efficiency and a simple control algorithm. At 
the same time, the controllability of the converter is limited because of the fixed ratio of the 
high-frequency transformer used in its design. In addition, it is expensive because of the 
quality of the components and the current requirements. As a result, only one H-bridge 
converter is introduced into EV systems. In addition, HEV systems use a H-bridge converter 
to connect HV and LV busses, as highlighted in [229]. 
The control over the H-bridge inverter is based on the SoC of the LV battery, so the control 
algorithm is based on the charging process of the battery and has low correspondence to the 
power requests from the auxiliary loads connected to the LV bus. The loads interact directly 
with the battery, so the efficiency of the existing architecture is limited to the efficiency of the 
charging process for the lead–acid LV battery, as shows in (5.1): 
 𝜂𝐿𝑣 = 𝜂𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝜂𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔𝜂𝐷𝑖𝑠cℎ𝑎𝑟𝑔𝑖𝑛𝑔  (5.1) 
Where ηLV is the efficiency of the power delivered to the LV appliances, ηconverter is the 
efficiency of the H-bridge DC/DC converter, ηCharging is the efficiency of the charging process 
for the LV battery and ηDischarging is the efficiency of the discharging process for the LV 
battery. All efficiencies in (5.1) can be estimated as 0.95; therefore, the overall efficiency of 
the power delivered to the LV loads is 0.857. 
The existing architecture also limits the overall efficiency of the energy usage because of the 
additional conversion of the battery’s charging and discharging processes. For instance, (5.2) 
shows the efficiency of the power generated during the recuperation braking process in EVs 
and then used to power the auxiliary loads: 
 𝜂𝑅𝑒𝑐𝑢𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝜂𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝜂𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝜂𝐻𝑉 𝐵𝑎𝑡𝑡𝑒𝑟𝑦𝜂𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝜂𝐿𝑉 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 (5.2) 
As a result of (5.2), the efficiency of the recuperative braking process for existing 
architectures is as low as 0.773. Thus, 33% of the possible generated energy is wasted on the 
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charging and discharging processes of HV and LV batteries or other components of the ESS. 
Based on the principle that the ESS is the only energy provided in EVs, the wasted energy 
could be used accordingly, so the developed solution should improve the connectivity 
between the two bus lines and between the end-users and the elements of the ESS. 
In addition, the existing architecture has the decentralised control nature of load-request 
processing. In this case, the load request is received from the user or from the sensors for 
some appliances, and then the controller of the particular system processes this request in full. 
Figure 5.4 outlines load-request processing in the existing architecture. 
 
Figure 5.4: Signal-processing Algorithm in EVs 
The existing load-processing signal is designed to operate with various systems and 
appliances. It can be easily changed, and new systems can be connected to either the HV or 
LV bus with minimal changes to other systems’ operations. The main problem with the 
existing solution is low connectivity between various appliances. As a result, the control 
process for one load request has no interaction with other requests. Thus, the energy is fully 
delivered to all loads, where it can be adjusted as it is done in MGs [148]. The only limitation 
in terms of supplied power from the load perspective is the performance of the ESS and its 
output characteristics. 
Figure 5. presents the existing solution for load management systems in EV solutions. The 
solid lines represent the power flow and the dotted lines represent the information signal flow. 
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Figure 5.5: Existing Load Management Architectures in EVs 
The designed system is based on two fundamental ideas: interconnection of the HV and LV 
busses at several levels for improved performance, individual power controllers for individual 
loads and centralised load-request processing. The benefits of the developed architectures are 
high controllability of the energy flows, direct connection of various appliances and the ESS, 
and the possibility of additional usage of the generated energy during the recuperative braking 
process. In addition, centralised load management provides a possibility to limit the supplied 
power individually for each load according to the status of the ESS and overall load requests 
from the other systems. Figure 5. shows the principle scheme of the developed architecture. 
 
Figure 5.6: Developed Principle Architecture 
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The developed circuit has three key elements: ESS (including HV and LV components), 
propulsion system in the form of the electric motor/generator and various appliances. Each 
component has a different effect on the system’s performance and a different method of being 
integrated into the overall circuitry. In addition, control principles vary among the different 
systems. The next three sections of this chapter will discuss the individual circuitry and 
control principles of the ESS, propulsion system and auxiliary loads. 
5.3 Energy Storage System Design 
This section will discuss the construction of a HESS and the interaction of the developed 
solution for the ESS and its control operational principles. The first part will discuss the 
performance of the individual components and ways to integrate different energy storage 
sources into a single ESS unit. The second part will discuss the key operational principles of 
the solution and ways to integrate the developed solution into the proposed architecture. The 
third part presents and discusses the key performance indicators for further processing. 
5.3.1 Hardware Design of Hybrid Energy Storage System for Electric Vehicle 
Application 
The ESS is the initial part of EVs because it defines the overall stored energy and usability of 
the vehicle through the remaining capacity of the components. The most common design of 
the ESS in EVs is the battery with high capacity and a high power level to fulfil all load 
requests and provide reasonable performance in terms of driving range on a single charge 
[230]. Figure 5. shows the output discharging characteristics of a typical Li-Ion battery. 
 
Figure 5.7: Output Voltage Characteristics of Li-Ion Battery 
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As shown, the SoC of the battery affect the output voltage and current. The discharging 
voltage (VOC) and internal resistance (RSeries) of the Li-Ion battery can be described as (5.3) 
and (5.4) using the SoC as a driving function [231]: 
 𝑉𝑂𝐶 = −1.031𝑒
−35𝑆𝑜𝐶 + 3.685 + 0.2156 ∗ 𝑆𝑜𝐶 − 0.1178𝑆𝑜𝐶2 + 0.3201𝑆𝑜𝐶3  (5.3) 
 𝑅𝑆𝑒𝑟𝑖𝑒𝑠 = 0.1562𝑒
−24.37𝑆𝑜𝐶 + 0.07446  (5.4) 
Where the SoC is the state of charge of the Li-Ion battery. 
Li-Ion batteries have a good lifecycle, and the capacity does not degrade much during the 
usage time. Further, they have reasonable output voltage and current characteristics. The 
voltage stays approximately constant over the large span of the SoC, as shown in Figure 5.. 
Several problems are associated with large Li-Ion batteries as the only source in EVs. The 
first problem is their relatively high specific energy density. A battery with high capacity has 
a high weight, which limits the usability of the allocated space for the occupants and goods. 
The second problem is the long recharging time resulting from the high capacity. In addition, 
Li-Ion batteries have a limited charging current, which limits their recuperative braking 
capabilities. The final problem is temperature management; overheating elements might cause 
a fire or, in rare cases, an explosion. The overheating of batteries primarily occurs during the 
recuperative braking process, when the charging current is high. The limitation of the 
charging current to maintain the health of the battery limits the regenerated energy stored in 
the ESS. 
UCs are the second suitable option for the ESS component of EVs. The main benefit of UCs 
is their high power capacity, which is significantly higher than the power capacity of Li-Ion 
batteries. Thus, UCs as an ESS increase the efficiency of the recuperative braking process, 
and because the current limit for UCs is high, more energy can be stored within the short 
braking time. 
The charging (5.5) and discharging (5.6) functions of UCs are shown below: 
 𝑉𝑈𝐶_𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 = 𝑉𝑀𝐴𝑋(1 − 𝑒
−
𝑡
𝑅𝐶)  (5.5) 
 𝑉𝑈𝐶_𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 = 𝑉𝑀𝐴𝑋𝑒
−
𝑡
𝑅𝐶  (5.6) 
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The biggest challenges in using UCs as a component of the ESS are its low energy capacity 
and unstable current curve. If the charge level of the UC decreases, the supplied maximum 
current decreases significantly. In addition, the discharging time of the UC is lower than the 
discharging characteristics of the Li-Ion battery. Thus, to achieve an efficient recuperative 
braking process, the UC should be assisted with a Li-Ion battery. Figure 5.8 provides an 
example of the charging current and voltage characteristics of UCs. 
 
Figure 5.8: UC Charging Curve 
The last option for the ESS of EVs is a hydrogen FC. FCs have one major benefit over the 
other solutions: they require very low recharging time. FCs use hydrogen (H2) as the fuel with 
output water products (H2O). Hydrogen refuelling takes much less time than recharging a Li-
Ion battery, and the same amount of energy is supplied. In addition, the safety of modern 
hydrogen storage systems is high because of modern storage technologies. Another benefit of 
FCs is their steady voltage and current output. The generated power is based on the chemical 
processes in FCs and the flow rate of the hydrogen, making FCs an ideal long-running source 
of energy. 
However, FCs have several problems. The main issue is significantly lower power density 
compared with Li-Ion batteries, and low output power limits the acceleration capabilities of 
EVs. In addition, the recuperative recharging process is not possible if the FC is the only ESS 
in the EV. This significantly decreases the efficiency of the overall system. Further, the 
response time of FCs is low, so it cannot react to load changes as promptly as UCs or 
batteries. 
The regulation of FCs is based on the flow regulation of the hydrogen, as shown in (5.7): 
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 𝑃𝐹𝐶 = 1.481𝑉𝐹𝑙𝑜𝑤𝐼𝐿𝑜𝑎𝑑  (5.7) 
Where Vflow is a volumetric flow of H2 and ILoad is the suppled current by the FC. 
As none of the existing solutions fully satisfy EVs’ power, energy and size–weight 
requirements, a HESS, which combines a Li-Ion battery, a UC and an FC, is implemented in 
this study. 
The central element of the HESS is a Li-Ion battery pack. The size of the battery pack is 
smaller than that of existing solutions to optimise the weight and size parameters of the ESS 
and EV, and to decrease the charging time and improve the solution’s thermal stability. 
The developed solution improves the efficiency of recuperative braking by integrating a UC. 
In addition, the power requirements for the battery unit can be further reduced because the 
peak loads can be handled by the UC. 
The FC helps to further reduce the battery size, which is the key challenge in the packaging of 
the vehicle. The FC operates as a backup element for the entire system because it can be 
easily recharged. The FC primarily communicates with the constant loads because the power 
adjustment of an FC is a complex problem, and steady loads are presented in the system. 
The reduced battery size has a positive effect on the EV’s key parameters. First, the smaller 
battery has fewer problems with temperature management. Second, it significantly decreases 
the size of the propulsion system and provides more space for occupants and goods. Third, the 
entire size of the vehicle can be reduced, which directly affects energy consumption and the 
size and weight of the vehicle. Finally, the battery affects the cost of the vehicle and the 
operation period. A smaller battery provides an opportunity to decrease the overall cost of the 
vehicle. Figure 5. illustrates the developed HESS. 
The solid lines in Figure 5. represent the power-flow lines, and the dashed lines represent the 
controlling signals and information flows. 
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Figure 5.9: Developed HESS 
The selection of the components is based on the vehicle’s dimensions, weight and estimated 
performance variables, such as maximum speed and required acceleration. For this study, a 
mid-sized vehicle was selected because it is the most common type of vehicle. Table 5.1 
summarises the specifications of the elements used in the ESS. 
Table 5.1: Characteristics of the Elements of the ESS 
Parameters Li-Ion Battery UC Hydrogen 
FC 
Peak voltage (VDC) 300 200 150 
Peak current (ADC) 200 500 200 
Capacity (kWh) 65 2.2 N/A 
Peak power (kW) 60 100 30 
Weight (kg, estimated) 150 25 50 
Dimensions (mm/mm/mm, 
estimated) 
800/300/150 400/200/150 600/300/300 
Recharging time (min) 600 2 5 
Lifetime charging cycles 8,000 15,000 N/A 
Estimated price ($) 18,000 5,000 15,000 
As shown, the peak power of the developed solution is 190 kW, which is the average power 
of a mid-sized vehicle with high performance. This peak power will also be used in the 
propulsion system design. The peak recuperative braking power capacity is 120 kW because 
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the charging power of the battery is limited and cannot be as high as the discharging current 
without having a significant effect on its lifecycle. The total dimensions of the solution are 
less than 2,000 mm, which allows the solution to be placed in the bottom part of the vehicle. 
The packaging of the hydrogen storage system is not discussed in this project. 
The overall solution helps to decrease the battery size by 30% compared with the dimensions 
of the Tesla Model S battery. The overall weight of the solution is 225 kg compared with the 
400 kg weight of the battery with the comparative power and energy capacity of the ESS. 
The iteration of the entire system with the components of HESS was conducted through: 
1. two-quadrant bidirectional converter with built-in battery charger and current limiter 
2. two-quadrant high-current bidirectional converter 
3. single-direction boost converter. 
The two-quadrant bidirectional converters are designed to work with the bidirectional power 
flow, so the battery and UC can be recharged using their converters. In addition, the charging 
voltage and currents can be defined based on the SoC of the UC and battery. The required 
voltage and current affect control over the converters. 
Each converter is based on the four independent IGBT high-frequency switches that have a 
parallel connection with the power diodes for additional compensation and bidirectional flow 
arrangement. In addition, a smoothing capacitor and inductor are added to the system to 
control the quality of the charging voltage and current. The operational frequency for 
converters is based on the technical parameters of the IGBTs. For the developed system, the 
operational frequency is set to 20 kHz. 
The battery-charging process requires smooth voltage output, so the fluctuation of the voltage 
cannot be higher than the 0.5% from the charging voltage because it might affect the battery’s 
lifecycle. As the peak voltage of the battery is 300 V, the charging voltage should be set at 
310 V. Based on the requirements, the voltage ripples should be as low as 3 V on 20 kHz 
frequency. Thus, the capacitance of the filter can be calculated using (5.8). For the used Li-
Ion battery, the peak charging current is 25 A. Based on this value, the allowed ripples are 
0.5 A. As a result, the inductance of the filter can be calculated using (5.9). 
 𝐶𝐹𝑖𝑙𝑡𝑒𝑟𝐵𝑎𝑡𝑡𝑒𝑟𝑦 =
𝑖𝑅𝑖𝑝𝑝𝑙𝑒𝑠
8𝑓𝑣𝑅𝑖𝑝𝑝𝑙𝑒𝑠
=
0.5
8∗2∗104∗3
= 1 ∗ 10−6 F  (5.8) 
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 𝐿𝐹𝑖𝑙𝑡𝑒𝑟𝐵𝑎𝑡𝑡𝑒𝑟𝑦 =
𝑉𝑖𝑛
8𝑓𝑖𝑅𝑖𝑝𝑝𝑙𝑒𝑠
=
500
8∗2∗104∗0.5
= 6.25 ∗ 10−3 H  (5.9) 
Where CFilterBattery and LFilterBattery are the required values for the capacitor and inductor in the 
system, iRipples and vRipples are the maximum allowed current and voltage fluctuation during the 
charging process, f is the switching frequency and Vin is the maximum input voltage. The 
input voltage for the battery-charging converter is based on the recuperative braking capacity 
and requirements for the vehicle’s acceleration process. For the system, it was set at 500 VDC 
at peak. Figure 5.10 displays the design of the converter for battery charging. 
 
Figure 5.10: Bidirectional Converter for Li-Ion Battery 
The developed converter for battery integration has three operational modes: discharging, fast 
charging and slow charging. The slow-charging process occurs when the battery is being 
charged from the charging station or from the other components of the ESS, whereas the fast-
charging process is initiated during recuperative braking. 
The UC unit has lower requirements for the quality of the charging current and voltage 
because of its highly fluctuating functions. In addition, the current level during the 
recuperative braking process might be as high as 500 A, which makes the selection process of 
power electronics very difficult. As a result, the smooth voltage input for UC charging can be 
achieved using control methods rather than passive component integration. Figure 5.11 shows 
the converter for UC integration. 
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Figure 5.11: Bidirectional Converter for UC 
The output voltage of the FC is lower than the voltage of the other elements of the ESS. To 
match the voltage levels of the FC and UC/battery to create a sustainable voltage bus, a boost 
converter is added to the system to boost the voltage output of the FC. In contrast to the UC 
and battery, the FC is not used in recuperative braking because of its operational nature. This 
removes the requirement to have bidirectional during the integration with other components. 
To stabilise the output voltage, an LC filter should be added to the converter. The values of 
the filter’s capacitor and inductor are calculated as in (5.10) and (5.11): 
 𝐶𝐹𝑖𝑙𝑡𝑒𝑟𝐹𝐶 =
𝑖𝑅𝑖𝑝𝑝𝑙𝑒𝑠
8𝑓𝑣𝑅𝑖𝑝𝑝𝑙𝑒𝑠
=
0.1
8∗3∗104∗1
= 4.2 ∗ 10−7 F  (5.10) 
 𝐿𝐹𝑖𝑙𝑡𝑒𝑟𝐹𝐶 =
𝑉𝑂𝑢𝑡
4𝑓𝑖𝑅𝑖𝑝𝑝𝑙𝑒𝑠
=
500
4∗3∗104∗0.1
= 4.2 ∗ 10−2 H  (5.11) 
Where CFilterFC and LFilterFC are the required values for the capacitor and inductor, 
iRipples = 0.1 A and vRipples = 1 V are the maximum allowed current and voltage fluctuations in 
the common, f is the switching frequency and VOut = 500 V is the selected bus voltage. 
The common bus voltage is set as high as 500 V to decrease the current in the bus and 
improve the temperature stability of the elements. 
Figure 5. presents the architecture of the boost converter for FC integration. The power flow 
in the ESS can vary depending on the situation. In the developed system, the battery can be 
recharged internally using the capacity of the FC or UC if required. In addition, recuperative 
braking power can be stored in the UC and the battery at the same time, which improves the 
solution’s efficiency. 
The next section presents the control algorithms for the HESS. 
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Figure 5.12: Boost Converter for FC 
5.3.2 Control Algorithm for Hybrid Energy Storage System 
The developed control system uses the key benefits of each component of the HESS. Several 
operational modes have been developed for the HESS, as outlined below: 
1. Low power demand mode: In this mode, the low supplied power meets the EVs’ 
power demands. In this case, if the loading power is steady, the FC and, if required, 
the battery, covers the demand with no power supply from the UC. If the load changes 
suddenly, then the UC can be used. If the FC covers all power demand and the SoC of 
the UC is high, then power from the UC can be transferred to the battery to increase its 
SoC. In addition, if the output power of the FC is higher than the demand, the FC can 
charge the battery. In both cases, the battery-charging process should follow the slow-
charging pattern. This mode is used when the car is stationary at a traffic light and 
only auxiliary loads are in use. In some cases, this mode can be used in traffic 
congestion when the velocity of the vehicle is low and the propulsion system operates 
on limited resources. 
Figure 5.13 shows the power flow for the first operational mode of the developed 
HESS. 
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Figure 5.13: Power Flow in HESS for Low Demand Mode 
2. Medium power demand mode. This mode is used for EVs’ constant-speed-running 
mode. When acceleration is not required, and velocity is constant, the battery and FC 
together provide enough power to meet the EVs’ demand. In this case, the UC can 
support the critical SoC of the battery or be turned off. In addition, the UC is in 
standby mode to cover instant requests from the loads. 
 
Figure 5.14: Power Flow in HESS for Medium Demand Mode 
3. High-power-demand mode. This mode is used when demand from appliances is 
extremely high. It is primarily used during the acceleration process and during the 
heating operation of the vehicle. During the heating operation, the heating elements 
require a large amount of energy to significantly change the temperature of the 
interior. Further, in cold conditions, the power converters and propulsion system do 
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not operate at an optimal temperature with optimal efficiency. In this mode, all 
elements of the HESS operate together to meet the power demand. As a high-power 
request can arrive instantly, the UC covers the majority of the request if the battery 
and FC do not have sufficient energy. Figure 5. shows the power flow for the high 
power supply mode. 
 
Figure 5.15: Power Flow in HESS for High-power-demand Mode 
4. Recuperative braking mode. The last operating mode was developed for the 
recuperative braking procedure with high power flow in the HV bus charging the 
elements of the HESS. The FC cannot be charged in this mode, so most of the 
generated power is transferred primarily in the UC, and in the battery. The battery has 
limited charging current requirements, so the charging current is limited. In addition, 
the FC supplies ongoing demand because it is still presented in the system. Further, 
the generated energy is partially supplied to the LV bus to meet the demand. Figure 5. 
shows the power flow in the system for the recuperative braking operation mode. 
 
Figure 5.16: Power Flow in HESS for Recuperative Braking Mode 
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As shown, the main controlling parameters for the developed solution are the duty cycles of 
the converters to control the power distribution between the battery, UC and FC. The FC 
requires additional control over the hydrogen flow rate to control the output power, which can 
be designed independently because of the low reaction time of the FC. 
The duty cycle parameters and flow rate regulation decision are made based on information 
requests for supply operation modes to select the most suitable operational parameters. The 
request from the load management system is the main parameter to define the supplied energy 
from the ESS. However, the final energy distribution decision is made based on the SoC of 
the Li-Ion battery pack as the main performance variable. In the developed solution, the SoC 
of the UC and the hydrogen flow rate of the FC are additional variables. These variables fully 
define the available power in the HESS. 
Figure 5. shows the developed decision-making power flow in the HESS with a centralised 
EMS. 
 
Figure 5.17: Principle Decision-making Process in HESS 
The initial power request from the load controller is compared with the available power in the 
FC. Initially, the FC is the key element in the HESS because of the low recharging time, but it 
has the slowest power response compared with the other elements of the system. In addition, 
the FC is less efficient than other system elements. Further, the load request can be relatively 
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static and not vary significantly when the vehicle runs at a constant speed with no changes in 
the appliances used. 
The second priority is given to the battery, based on the response time and possible supplied 
power. The SoC fully describes the function parameters of the battery. The system does not 
consider the SoH because of the system’s implementation for real-time decision-making 
rather than a long-term process. 
The last power supply source is the UC, which kicks when the power request exceeds the 
safety limit of the battery’s SoC and helps to balance the load during heavy loading 
operations such as rapid acceleration with high power usage of the climatic system. 
For the optimisation process, the fuzzy logic process was developed to detect the required 
control signals for the converters. As the nature of the designated DC differs for three 
converters and based on the individual operation modes of the components and, based on the 
previous discussion, on various variables parameters. 
The FC control function was designed to meet the fundamental load requests and support the 
critical charge of the battery if required. Thus, the initial variables for the control of the FC 
are: load requests, SoC of battery and current hydrogen flow rate measured as pressure in the 
supplied system. The output of the controller is the adjusted flow rate, as shown in Figure 5.. 
 
Figure 5.18: Control Diagram of FC 
The back converter of the FC operates based on the voltage in the HV bus, which is based on: 
 𝐷 =
𝑉𝑂𝑢𝑡−𝑉𝐼𝑛
𝑉𝑂𝑢𝑡
  (5.12) 
The input voltage is defined by the hydrogen flow, and the output voltage is the defined 
voltage in the HV bus. 
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Decision-making for the FC operation was designed using the fuzzy logic approach. Figure 5. 
shows the fuzzification process for load requests, battery SoC and the current hydrogen flow. 
 
a) 
 
b) 
 
c) 
Figure 5.19: a) Load Fuzzification Function, b) Battery SoC Fuzzification Function, 
c) Hydrogen Flow 
The defuzzification function is based on the hydrogen flow output. Figure 5.20 shows the 
defuzzification function. 
 
Figure 5.20: Defuzzification Function for FC Control 
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Battery management was developed based on the following assumptions and fundamental 
ideas: 
1. The battery is the key element of the HESS. 
2. The SoC should be maintained at the level above the critical level for the battery. In 
this case, the initial critical SoC, which cannot damage the battery, was set as 0% SoC 
for the management system. 
3. The supplied power is limited to improve the SoH of the battery, even it was not the 
key operational variable of the system. 
4. The priority of the battery is lower than the priority of the FC for low power load 
requests. 
5. The priority of the battery for high power requests is lower than the priority of the UC. 
As shown in Figure 5., the converter for battery integration has a bidirectional nature with 
four switches. For the loading modes, the duty cycle (D) of the switch Q1 can be determined 
by the controller, and the other switches (Q2–Q4) will have either the same duty cycle or the 
opposite duty cycle. The rule for the duty cycles can be calculated using (5.13). The same rule 
is implemented for the operation of the converter for the UC. 
 {
𝐷𝑄4 = 𝐷𝑄1
𝐷𝑄2 = 𝐷𝑄3
𝐷𝑄2 = 1 − 𝐷𝑄1
  (5.13) 
The control process is based on two input signals, and it supplies the duty cycle for Q1 as an 
output. The input signals are the SoC of the battery, which determines the voltage level in the 
HV, and the power request from the load controller. Figure 5.21 illustrates the controlling 
scheme. 
 
Figure 5.21: Control Scheme of Battery 
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To determine the supplied energy, fuzzy logic was implemented to comply with stochastic 
requests from the loads. Fuzzification functions for the load request and the battery’s SoC are 
the same because they are used for FC control. Figure 5. shows the defuzzification function. 
 
Figure 5.22: Defuzzification Function for Battery Control 
The key elements of UC control are the charge control during the recuperative braking and 
the instant high load requests from the drivetrain. The behaviour of the UC is based on the 
current voltage, which determines the SoC for the UC and its current limits for the charging 
process, as well as available power to cover the loads and balance the instant peaks. 
5.4 Propulsion System Design 
5.4.1 Power Electronics’ Design for Propulsion System in Electric Vehicles 
Characterising the operating environment is an essential part of the design of the propulsion 
system and its components. The system needs to operate safely and adequately within the 
required range of velocities and torques, and predictions of working conditions must have a 
significant effect on the tuning and training of the control algorithm. The main benchmarks 
for the operating environment are the required braking capabilities and the acceleration 
performance of the EV to keep the vehicle within the traffic conditions. 
In the acceleration mode, the motor supplies the EVs’ wheels with the mechanical power and 
torque required to overcome resistive forces and either maintain a constant velocity or 
accelerate the vehicle. This mode of operation is also responsible for initiating the vehicle’s 
movement from a stationary state. 
Given the nature of vehicle operation, the acceleration mode is used for most EV movements. 
In the acceleration mode, energy flows from the ESS to the motor, as dictated by the 
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implemented power electronic devices. In this mode, the magnetic flux and rotation of the 
stator have the same direction. 
The operating environment can be represented by torque and power balances. In this study, a 
mid-sized 1,500 kg vehicle is specified. Figure 5. shows the torque and power balances for the 
vehicle as a required characterisation of the propulsion system. These calculations use 
equations from Chapter 3. 
 
Figure 5.23: Required Torque and Power Balances for Power Train 
The solid lines in Figure 5. represent torque balance, with the orange line representing the 
available torque of the electric motor and the blue line representing the required torque for 
EVs. The dotted lines represent the power balance, with the yellow line representing the 
available power of the propulsion system and the grey line representing the required power. 
The vehicle’s maximum speed can be obtained from Figure 5. as the crossing point of the 
torque lines, with further adjustment by crossing the point of the power lines. This point 
represents an extreme situation in which the output power or torque of the motor is just 
enough to maintain the EV’s constant velocity. 
After reduction through the main gear, all of the torque from the motor is applied to the 
wheels and should be released by the grip forces of the tyres. Grip forces can be calculated 
using: 
 Ftr=µFv = TMRGBrwh  (5.14) 
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Where Ftr is the traction force on the wheels, Fv is the vertical force on each independent 
wheel, µ is the adhesion coefficient for a tyre–road couple, TM is the torque of the motor, RGB 
is the gear ratio of the main gear and rwh is the effective radius of the wheel. 
To prevent uncertainty and energy loss during acceleration because of the non-linear 
behaviour of the adhesion coefficient, traction control can be integrated into the control unit 
of the EV’s propulsion system. Traction control is combined with the power electronic control 
circuit as an efficient way to adjust the motor’s performance. As a result of the high initial 
torque of the EV’s propulsion system, the current limitation is required as part of the traction-
control algorithm. 
The braking mode is applicable for a shorter time than the acceleration mode, and it has 
power flow in the opposite direction. The main challenge in the braking mode relates to 
transferring the generated amount of power over a short period. At the same time, the applied 
braking torque should follow the same logic as the traction control used in the acceleration 
mode, where the traction must be maintained across the largest adhesive coefficient range for 
the vehicle’s tyres to achieve the shortest braking distance while maintaining stability. The 
braking process should also operate in association with the EV’s hydraulic braking system 
and ABS controller. 
A bidirectional converter is required to achieve high controllability performance. The 
converter operates as a motor controller and is part of the HV bus with an operational voltage 
of 800 V to decrease the supplied current. The operational range of the converter should 
satisfy two operational ranges with additional support of the reverse movement. Figure 5. 
shows the operational regions of the motor as the requirement foundation for the converter’s 
design. 
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Figure 5.24: Four Quadrants of Required Motor Operations 
Given the high operational and power requirements, the converter was designed based on 
PWM-controlled IGBTs because other common power electronic components, such as 
thyristors and MOOSFETs, are less efficient in the designated power region. Given the 
efficiency and controllability of IGBTs, these have become the most common for motor-
control applications. 
A four-quadrant IGBT-based converter was designed for DC motor control. The main 
components for the drive controller are four IGBTs connected in parallel with power diodes. 
This converter requires additional internal capacitance and inductance to compensate for the 
fluctuation of the voltage and to smooth the output voltage for charging the ESS components, 
as discussed in the previous section. The required capacitance and inductance can be 
determined based on the operational frequency and power flow of the designed converter. The 
complete proposed converter design is presented in Figure 5., with filtration element 
calculations presented in (5.15) and (5.16). 
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Figure 5.25: Proposed Converter Design for PMDC Motor 
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 𝐶𝐶𝑜𝑛𝑣 =
𝑖𝑅𝑖𝑝𝑝𝑙𝑒𝑠
8𝑓𝑣𝑅𝑖𝑝𝑝𝑙𝑒𝑠
=
1.5
8∗2∗104∗2
= 4.6875 ∗ 10−6 F  (5.15) 
 𝐿𝐶𝑜𝑛𝑣 =
𝑉𝑂𝑢𝑡
4𝑓𝑖𝑅𝑖𝑝𝑝𝑙𝑒𝑠
=
800
4∗2∗104∗1.5
= 6.67 ∗ 10−3  H  (5.16) 
The control signal for this converter can be represented by the duty cycle of the Q1/Q4 IGBT 
pair, as shown in Figure 5.. A duty cycle of zero represents a signal to allow the maximum 
amount of current to flow through the IGBT, whereas a duty cycle of one prevents any current 
from flowing through the IGBT. These IGBTs operate in the first and fourth quadrants, as 
shown in Figure 5., to provide forward acceleration and a backwards braking mode. IGBTs 
Q2 and Q3 operate for the opposite processes. 
To meet the efficiency requirements and decrease the size of the filtration elements of the 
converter, the IGBT’s control signal was chosen to have 20 kHz frequency. 
Table 5. presents the signals for the individual switch according to the working quadrant 
switches. 
Table 5.2: Control Switching Zones for IGBTs 
IGBT Number Quadrant 1 Quadrant 2 Quadrant 3 Quadrant 4 
Q1 0–0.5 0.5–1 0.5–1 0–0.5 
Q2 0.5–1 0–0.5 0–0.5 0.5–1 
Q3 0.5–1 0–0.5 0–0.5 0.5–1 
Q4 0–0.5 0.5–1 0.5–1 0–0.5 
Direction Forward Forward Reverse Reverse 
The developed converter ideally operates with a PMDC motor with 2–4 windings. The latest 
research considers PMDC motors with a higher number of windings or a synchronous AC 
motor as the best solution for propulsion system in EVs. 
This study considered the idea of AC motor integration. In addition, load integration was 
implemented as part of the developed AC motor drive. To add connectivity between the 
motor and the auxiliary loads, a developed converter unites the systems through two 
additional buck DC/DC converters combined with the motor drive unit, as shown in Figure 5.. 
These converters are used to connect the motor/generator and HV bus with the loads. The 
converter aims to use generated power to supply the loads and charge the ESS. 
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As the foundation, a three-phase DC/AC inverter was chosen to create a frequency-variable 
operation environment. For this purpose, there are six IGBT units (Q1–Q6), as shown in 
Figure 5.. 
 
Figure 5.26: Developed Motor Controller with Built-in DC/DC Converters 
In the developed design, the Q7 and Q8 high-frequency switches are in charge of the DC/DC 
conversion and the power supply to the HV loads, and at the same time for better regulation 
of the recuperative braking process, which can be described as: 
𝑃𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 = 𝑃𝐵𝑎𝑡.𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 + 𝑃𝐻𝑖𝑔ℎ 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐿𝑜𝑎𝑑𝑠 + 𝑃𝐿𝑜𝑤 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐿𝑜𝑎𝑑𝑠 (5.17) 
The developed architecture not only improves the power usage, but also provides a possibility 
to regulate the braking torque through the load control and extra braking capability, as shown 
in: 
 
{
 
 
 
 
𝑇𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 = 𝑓(𝐼𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑)
𝐼𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 = 𝐼𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 + 𝐼𝐻𝑖𝑔ℎ 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐿𝑜𝑎𝑑𝑠 + 𝐼𝐿𝑜𝑤 𝑉𝑂𝑙𝑡𝑎𝑔𝑒 𝐿𝑜𝑎𝑑𝑠
𝐼𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 = 𝑓(𝑆𝑂𝐶)
𝐼𝐻𝑖𝑔ℎ 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐿𝑜𝑎𝑑𝑠 = 𝑓(𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒, 𝑄7)
𝐼𝐿𝑜𝑤 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐿𝑜𝑎𝑑𝑠 = 𝑓(𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒, 𝑄8)
  (5.18) 
The developed system can assist the ABS because it is more flexible in braking torque 
regulations and adjustments. It can be done based on the control of the Q7 and Q8 duty 
cycles, which will be discussed in Chapter 6. 
5.4.2 Control Algorithms for Propulsion System in Electric Vehicles 
As discussed in the converter design section, control over the propulsion system is based on 
two operational modes: acceleration and braking. 
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As discussed in the previous section, EVs mainly operate in the acceleration mode, which 
combines the acceleration process and constant-speed operations. Propulsion systems operate 
as an electric motor. Output torque, speed and power are the controllable variables of the 
drivetrain for this mode. Constant-speed operation is not followed by the constant torque 
because of the unstable road conditions (e.g., downhill and uphill driving). 
The input signals for acceleration are the requests for the required speed and acceleration. 
These signals originate from the driver through depression of the acceleration pedal. In 
modern vehicles, the accelerator pedal uses an electromagnetic sensor to detect its position 
and rate of change for further acceleration calculations (i.e., pedal velocity). Additional 
control signals are received from the instant wheel-speed sensor. In some cases, the cruise-
control system may provide the signal representing the power request. The controller receives 
this signal and converts it to a pulse-width modulation (PWM) signal, which is then sent to 
the IGBT converter. Figure 5. depicts the control diagram for the acceleration mode. 
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Figure 5.27: Acceleration Mode Control Diagram 
As shown, there are three sets of input signals. A basic signal is received from the vehicle’s 
velocity request devices, such as the acceleration pedal position and the cruise-control signal. 
Based on this request, a basic duty cycle signal for the converter can be obtained using: 
𝑛 = 𝑘𝑛𝐷 + 𝑛0      (5.19) 
Where n is the rotational speed of the motor, kn is the speed coefficient of the electric motor, 
D is the duty cycle and n0 is the velocity constant of the motor measured when D = 0. 
The next two signals for system control—changing signal and wheel-speed signal—are 
received from the acceleration pedal position. The acceleration pedal velocity provides 
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information regarding the required acceleration and, as a result, the required torque of the 
motor, using: 
 𝑇 = 𝑇0 + 𝑘𝑇
∂𝜃
𝜕𝑡
𝐷 (5.20) 
Where T is the supplied torque, T0 is the current applied torque, kT is the torque constant of 
the motor, θ is the angular position of the acceleration pedal and D is the duty cycle. 
The wheel-speed signal and its processing through the analytical layout of the controller or 
ABS provides information about the state of the current speed, slip of the wheels and the 
requirements of the speed and torque adjustments if required for traction-control purposes. 
After computational processing of the basic duty cycle, the final duty cycle should be 
compared for the current-level protection setup. This leads to a converter input signal. Figure 
5.28 illustrates the final design of the logic operations. 
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Figure 5.28: Controlling Logic Operations for Acceleration Mode 
As a second operation region of the propulsion system, the braking mode has a significant 
effect on EVs’ energy consumption and safety. This mode affects the efficiency of the 
braking process, which directly affects vehicles’ safety. In addition, because the motor in 
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braking mode operates as generator, it is one of the only processes in EV energy flow when 
energy can be generated. 
Initially, the available energy for generation can be calculated. For the first estimation, the 
study assumes that all kinetic energy is transferred into electric energy and stored in batteries 
so the generated capability can be obtained. 
For this calculation, we used model of 1,500 kg vehicle and a range of speed from 10 km to 
100 km/h. The charged energy was calculated in kWh and is presented in Table 5.. 
Table 5.3: Available Recuperated Kinetic Energy for Various Speeds 
V, km/h V, m/s E, J E, kWh 
10 2.78 5,787.03 0.001608 
20 5.56 23,148.15 0.00643 
30 8.33 52,083.33 0.014468 
40 11.11 92,592.59 0.02572 
50 13.89 144,675.93 0.040188 
60 16.67 208,333.33 0.05787 
70 19.44 283,564.81 0.078768 
80 22.22 370,370.37 0.102881 
90 25 468,750 0.130208 
100 27.78 578,703.7 0.160751 
As shown, there is high generated energy capacity and, in addition, it should be stored within 
period, which can be as low as 5 s for a 100 km/h case. 
During the braking mode, energy is transferred from the motor back to the ESS, but the 
supplied power should satisfy the charging equation for the charging of the batteries as the 
most common source of the energy in EVs, as shown in (5.21): 
 Echarge > Ebattery (5.21) 
The charging voltage of the battery depends on the SoC. The output voltage of the converter 
should not be higher than a certain level to prevent damage to the ESS and extend its 
lifecycle. Further, the output voltage of the PMDC generator depends on the speed of the 
generator, and this speed is constantly decreasing during the braking process. As a result, the 
converter control must keep the voltage level according to the charging curve for the ESS. 
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In this study, the HESS was developed to improve the efficiency of the braking mode because 
the requirements for UCs are less strict than batteries. 
The torque regulation of the braking process has some differences from the acceleration 
process because it has the highest number of limitations. The braking torque provides 
conditions to decrease wheel speed, and it is the main part of the braking performance 
because it defines the safety parameters of the system. This torque is transferred through the 
tyres’ friction forces. 
Various EV architectures can vary the braking mode operation. For example, PMDC motors 
acting as individual wheel-hub motors can be regulated separately to obtain higher braking 
stability through the independent individual torque regulation, similar to the multi-channels 
ABS operation. The second requirement of the separate braking torque regulation comes from 
the instability of the grip for different wheels. Braking stability is a safety requirement of 
engineering design committees around the world. In conventional systems, the braking 
process is controlled through the pressure regulation of hydraulic or pneumatic braking 
systems. This regulation is performed by removing pressure from the braking system and 
applying it back. The regulation in the EV can be organised in a smoother way because of the 
torque characteristics of the propulsion system. 
The safety of the braking system is still a big issue, even when the generation torque provides 
finite adjustments of the parameter without removing the torque from the wheels. As wheel-
hub motors can be controlled separately, stability of braking is a big advantage of electrical 
braking. The main disadvantage of the electrical braking system is decreasing the possible 
braking torque with the decreasing speed of the motor and time-charging of the capacitors; 
therefore, a low-speed PMDC motor cannot provide high braking torque. Providing constant 
braking torque for the whole range of the speed, where it is possible, was developed in the 
converter design. At the same time, the same limitations are applicable for the braking mode 
as for the acceleration mode because of the HESS’s operational limitations. 
Controlling the braking process and adjustments to the controller are different to the 
acceleration mode. First, and most importantly, torque regulation is more important for the 
braking mode because of safety issues. At the same time, the torque request is primarily 
received from the braking pedal, so the main control input is similar to the acceleration speed-
request signal provided by the driver. The difference is based on the controlling parameters. 
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In the case of acceleration, the rate of the angle change determines the acceleration request, 
whereas for the braking pedal, the pressing force should be taken into account together with 
the rotational speed. 
The complexity in controlling the braking torque is in analysing the wheel slip and providing 
braking stability for complex driving conditions when friction forces are limited or vary 
between the axis and wheels. For the slip calculation procedure, the ABS algorithms were 
used to split the torque request for the motor controller for each wheel separately. ABS 
algorithms are based on the instant analysis of the rotational speed for each wheel. 
The SoC of the ESS is another input required to obtain all possible braking torques as well as 
the voltage level required for battery charging. Figure 5. (control) and Figure 5. (logic) 
present these diagrams. 
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Figure 5.29: Braking Mode Control Diagram 
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Figure 5.30: Controller Logic Operation for Braking Mode 
Control over the braking process is also based on the generation of PWM signals with varied 
duty cycles (D). As the developed converter for motor control has built-in converters for 
loads, the torque regulation follows (5.18). A detailed torque calculation can be seen in (5.22): 
 𝑇𝐵𝑟 = 𝑘𝑇(𝐼𝐵𝑎𝑡 + 𝐼𝑈𝐶 + 𝐼𝐿𝑉 + 𝐼𝐻𝑉)  (5.22) 
Where TBr is the braking torque, kT (Nm/A) is the torque coefficient of the motor, IBat is the 
maximum allowed charging current for the battery, IUC is the maximum instant charging 
current for the UC, ILV is the current supplied to the LV loads and IHV is the supplied current 
to the HV loads. 
As the supplied currents for the battery and UC are limited to their current SoC, the key 
regulation can be performed based on loading currents. For these purposes, Q7 and Q8 
switches were introduced in the converter design, as shown in Figure 5.. Equations (5.23) and 
(5.24) show the connection between the duty cycles of Q7 and Q8 respectively with the 
supplied current as the key parameter of the torque regulation: 
 𝐼𝐿𝑉 =
𝑉𝐺𝑒𝑛𝐷𝑄7
∑𝑅𝐿𝑉
  (5.23) 
 𝐼𝐻𝑉 =
𝑉𝐺𝑒𝑛𝐷𝑄8
∑𝑅𝐻𝑉
  (5.24) 
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Where VGen is the generated voltage capacity, DQ7 is the duty cycle for the LV switch, ΣRLV is 
the cumulative LV load requests during the braking process, DQ8 is the duty cycle for the HV 
switch and ΣRHV is the cumulative HV load requests during the braking process. 
Cumulative loads in LV combine two components: LV battery-charging request and 
cumulative loads request. This allows a higher controllability range for the Q7 switch and, as 
a result, improved energy use. 
In addition, a potential energy recuperation system was developed within the project. 
Nowadays, vehicles are not using potential energy recuperation as effectively as they should. 
Potential energy can be recovered during a vehicle’s downhill motion. In some regions, this is 
a common operation mode, and the duration of such a movement is high, as is the generation 
capability. 
Capability for potential energy generation was evaluated for various inclined angles, from 1 ° 
to 30 ° for the modelled vehicle from the braking process evaluation above. Figure 5. shows 
the available braking power for a constant velocity of 60 km/h. As shown, the generated 
power increases with the increased inclination angle. 
 
Figure 5.31: Potential Energy Capacity for 60 km/h Operation 
The main limitation factor for the potential energy recuperation system is velocity. Figure 5. 
shows the generated power capability versus the operation velocity for a fixed inclination 
angle of 10 °. 
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Figure 5.32: Potential Energy Recovery Capacity for 10 ° Incline 
As shown, the braking capability reaches its maximum point in the common speed-limit 
region of 40–80 km/h. However, high operational speeds of 110 km/h and higher have limited 
generation capability because of the high-resistance forces acting on the vehicle. 
Some systems for trucks are available in the market, which switch automatic gearboxes and 
gearbox braking mechanism into mode, which is required by future road conditions. This 
system helps to improve fuel efficiency by up to 5–10% in hilly areas such as the European 
Alps through to more suitable engine modes during downhill movements and less usage of 
engine brakes to improve social sustainability and increase efficiency. Further, some systems 
provide an opportunity to switch off the engine to save fuel. The input for the potential 
recovery system is generated by two systems, as can be seen on Figure 5.33. First, the 
gyroscope system provides regular information about the body’s position; based on this 
information, the propulsion system can adjust the braking torque accordingly. Second, GPS 
provides advance information about road conditions, such as hills and turns, and has high 
accuracy for further predictions. To provide safety for other vehicles, both systems should 
operate with support from cruise-control and a road-sign-reading system. The generator’s 
torque should not produce high parking acceleration because it would interfere with other 
vehicles on the road. 
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Figure 5.33: Potential Energy Recovery System Control Logic Process 
5.5 Auxiliary Loads Management System Design for Electric Vehicles 
5.5.1 Developed Load Architecture 
As discussed in Chapter 3, auxiliary loads in EVs have a decentralised nature with limited 
connectivity between the systems and individual components. This control design helps with 
the transition of the systems from conventional vehicles to EVs. Request processing is based 
on the assumption that the power for all requests must be supplied fully and immediately with 
no analysis because the request arrives to the ESS in the form of the applied load, and all 
analytical processes are conducted inside the system or based on occupants’ requests. This 
provides consumer satisfaction but has a high negative effect on the system’s efficiency. 
Similar problems can be observed in MGs with DGs, where load requests have unlimited 
access to energy storage, and the energy drain is higher than in managed systems with load-
sharing and prioritisation techniques [232]. 
As the number of available loads is constantly increasing, the summarised loading profile was 
prepared to tune the loading controller successfully. The loading profile includes the key 
components that directly affect the safety and operation of vehicles. The infotainment system 
was added as a unit load with a fixed power rating. Table 5.4 summarises the loading profile 
of EVs. 
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Table 5.4: Summarised Loading Profile of EVs 
System Name Peak Power, kW Operating Voltage Signal Source 
Drivetrain 100 (approx.) High voltage Driver/occupant 
HVAC 8 High voltage Driver/occupant 
Power steering 2.1 Low voltage Driver/sensor 
Wipers 1.5 Low voltage Driver/occupant 
Multimedia system 0.8 Low voltage Driver/occupant 
Lights 0.5 Low voltage Driver/sensor 
Airbag/passive safety 0.5 Low voltage Sensors 
Brake assistance 0.3 Low voltage Sensors 
To avoid problems, a centralised controlling architecture was developed as part of this 
project. In this system, all requests from the loading side arrive at a single centralised load 
controller that observes the currently applied load as well as the available power from the ESS 
to make a decision about the supplied loads. As an additional option, the ESS control can be 
included together with the load control if the HESS is used to improve interactions between 
the components. The developed solution combines loads in the form of the systems’ 
components rather than the combined systems. This enables better interconnection between 
the elements, which will later be used in the control algorithm design. Figure 5.34 displays the 
designed system’s architecture. 
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Figure 5.34: Developed Electronic Architecture 
Figure 5. displays three types of connection lines. First, solid lines represent the power bus. 
Second, dashed lines represent load-request signals. Load requests are received from 
individual loads and from the centralised load controller to the ESS management system. 
Third, dashed lines represent the signal from the ESS to the load controller to make a decision 
about the supplied loads. 
The main driving signals in the system are the loading requests from occupants and sensors. 
The loads are divided into two voltage busses according to the power consumption. The 
propulsion system in the developed architecture is combined with other HV loads. It is 
integrated into the system to fulfil acceleration requirements. The braking process control was 
discussed in the previous section. 
Information from the ESS is used as a reference signal to determine the primary energy 
availability for the systems. During the recuperative braking process, the combined signal is 
used because it highlights the available energy [233]. 
Despite being centralised, the developed architecture has a high fault tolerance for safety 
systems. Active and passive safety systems have direct access to the ESS with no connection 
to the centralised load. This enables the use of existing components from conventional 
vehicles and removes the possible effect of centralised controller faults on the vehicle’s 
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safety. The developed architecture follows the safety standard ISO 26262 for electrical and 
electronics systems in vehicles. 
5.5.2 Development of Individual Power Controllers for Auxiliary Loads in Electric 
Vehicles 
To fulfil the technical and cost requirements, the developed architecture has two separate 
voltage busses for high and LV loads followed by individual power converters for the loads. 
The LV bus line is used to accommodate the auxiliary loads, which can be taken from 
conventional vehicles with an operational voltage rating of 12 VDC or 48 VDC. The LV bus 
cannot be used for the drivetrain control because the power has a much higher rating. Further, 
the HVAC system is connected to the HV bus because of its higher power requirements. The 
main difference with existing solutions is the individual converters for the loads to adjust the 
consumed power according to the control conditions and the occupant’s request. Figure 5.35 
illustrates the developed power bus architecture. 
 
Figure 5.35: Developed Power Architecture 
The developed system has several additional integration features compared with existing 
solutions, such as individual converters, further integration of the LV loads with the HV bus 
through a buck converter and a load-sharing mechanism between HV and LV loads. 
Further, the fault tolerance of the system is based on the ISO 26262 standard. As a result, 
active and passive safety systems such as airbags, brake assist pumps and power-steering 
components are directly connected to the HV bus via the individual buck converters with 
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independent decentralised control protocols. As these loads have the highest priority, the 
developed architecture avoids the effect of any faults in the controller. 
The main element of load management is the individual load-converter design. The individual 
converters were designed in the same way to decrease the installation cost of the overall 
system. As loads have different power requirements, the universal IGBT switch was selected 
as the central loading element. Figure 5.36 presents the final design. The centralised controller 
can then gain access to each converter and adjust the supplied power according to the 
programmed decision through the variable PWM signal. Each converter is assisted with the 
smoothing capacitor to stabilise the voltage ripples of the converter. The operational 
frequency was set to 20 kHz. 
 
Figure 5.36: Design of Individual Load Converters 
Given the standardisation procedure, the converters are based on the same set of components. 
The parameters of the elements are calculated using: 
 𝐶𝐹𝑖𝑙𝑡𝑒𝑟 𝐿𝑜𝑎𝑑 =
𝑖𝑅𝑖𝑝𝑝𝑙𝑒𝑠
8𝑓𝑣𝑅𝑖𝑝𝑝𝑙𝑒𝑠
=
0.05
8∗2∗104∗0.1
= 6.25 ∗ 10−7 F  (5.25) 
 𝐿𝐹𝑖𝑙𝑡𝑒𝑟 𝐿𝑜𝑎𝑑 =
𝑉𝑂𝑢𝑡
4𝑓𝑖𝑅𝑖𝑝𝑝𝑙𝑒𝑠
=
14
4∗2∗104∗0.05
= 1.75 ∗ 10−3  H  (5.26) 
The following assumptions were used for the design estimations of the system: 
1. The maximum allowed ripples for voltage are 0.1 V (1% of the operation). 
2. The maximum allowed ripples for the current are 0.05 A. 
3. Operational frequency of the converters is set to 20 kHz to decrease the complexity of 
the supplied signal generation and, at the same time, optimise the operational region of 
the IGBT modules. 
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Standardisation of the converter design allows the price of the system to be reduced because 
converters are the system’s main differentiated element. 
In addition, the developed individual converters enable the integration of LV components 
directly into the HV bus. The difference for this integration will be in the operational range of 
the converter, so the additional voltage control should be implemented. 
5.5.3 Control Design for Load-balancing and Management System in Electric Vehicles 
The proposed design includes the centralised controller. The centralised controlling system 
has several benefits compared with the decentralised architecture. The centralised system 
provides a possibility to react faster to requests and improve the energy demand regulation 
and connectivity between different systems compared with the decentralised architecture. 
The main problem with the centralised system is its required computational power—
especially when the controller operates on conventional logic with a clock-based decision-
making process, as shown in Figure 5.. 
 
Figure 5.37: Load-control Algorithm Decision-making Process 
Figure 5. has two input parameters that define the decision-making process for the load: the 
load’s power request and the load’s importance. There are three main assessors for these 
variables. The first group of variables is the request group, which is defined by default. The 
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information is received in the form of a request from occupants or sensors for self-operating 
systems. The second group is available values, which are assigned with the ESS EMS and 
supplied by the ESS controller. The third group is a predefined group of critical values that 
influence the final decision in terms of the amount of power that can be supplied to the exact 
system. Critical values are also based on the status of the ESS, but they were predefined at the 
design stage and prevent extra damage for the ESS components. 
Given the high number of systems, fuzzy logic was used for the controller because of its 
capability for multi-objective functions. Compared with other common methods, such as 
genetic algorithms and neural networks, fuzzy logic provides faster results. The calculation 
time is essential for the developed system because of the complexity and number of entities. 
Fuzzy logic operation has three phases—fuzzification, rule inference and defuzzification—
because the linguistic variables are used for the analysis and decision-making process. 
The trapezoid fuzzification process was used to convert the crisp values into linguistic values. 
Figure 5. and Figure 5. show the fuzzification membership function for the developed 
controller. Each fuzzification function has five separate regions to define the state of the ESS 
and the importance of the loading request. 
 
Figure 5.38: Fuzzification Membership Function for SoC of Battery 
 
Figure 5.39: Fuzzification Membership Function for Importance of the Request 
 140 
The second step of the fuzzy logic approach is the rule inference table. This part is based on 
the application of the rules described in Table 5. with the If–Then concept. 
Table 5.5: Load-control Rule Table 
 No Charge Low Charge Middle 
Charge 
High 
Charge 
Full Charge 
Very low No power No power Low power Middle 
power 
Full power 
Low No power No power Middle power High power Full power 
Middle No power Low power High power High power Full power 
High Low power High power High power Full power Full power 
Very high Full power Full power Full power Full power Full power 
The last part of the decision-making process is defuzzification, which turns the values 
obtained in the previous step into numerical values of the duty cycle, which can be processed 
to the power converters as a PWM signal. This process is based on the trapezoid membership 
function, which was used in the fuzzification step. Figure 5. illustrates the defuzzification 
function. 
 
Figure 5.40: Defuzzification Membership Function for Supplied Power 
The supplied power can then be calculated as: 
 𝑃𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑 = 𝐷𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑉𝐵𝑢𝑠𝐼𝐿𝑜𝑎𝑑  (5.27) 
Where PSupplied is the supplied power after the converter, DConverter is the calculated duty cycle 
for that particular converter, VBus is the voltage of the bus that the load is connected to and 
ILoad is the current drained by the load. 
The stack of load requests can be calculated using: 
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 𝑃𝑅𝑒𝑞𝑢𝑒𝑠𝑡 = ∑𝑃𝑅𝑒𝑞𝑢𝑒𝑠𝑡𝑒𝑑_𝑁𝑜𝑤 +∑(𝑃𝑅𝑒𝑞𝑢𝑒𝑠𝑡𝑒𝑑_𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑙𝑦 − 𝑃𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑)  (5.28) 
The stack of loads also analyses the importance of postponed loads. Loads can be fully 
fulfilled during the recuperative braking process, when the available power can be calculated 
as: 
 𝑃𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 = 𝑃𝐸𝑆𝑆 + (𝑃𝐵𝑟𝑎𝑘𝑖𝑛𝑔 − 𝑃𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔)  (5.29) 
As the braking process occurs in a very short time, the effect on the overall energy 
consumption is relatively low. However, as it was discussed in previous section, integration of 
loads in the propulsion system control have great effect on controllability of the drivetrain, 
which is more beneficial for safety usage. 
5.6 Integration of Solar Generation Unit in Electric Vehicles 
As the generation capability of the on-board systems is limited by recuperative braking 
process, the integration of PV panel in the system was developed. 
The developed solution assumes the installation of the solar panel in the roof area of the EV, 
which leads to small power capacity of the solution. However, the generation process of PV is 
not limited to the recharging time; it can occur during the stationary operation of the EV to 
support the SoC of the ESS. 
An important part of PV integration is the integration of maximum power point tracking 
(MPPT) controller to increase the system’s efficiency in partial shading conditions. For the 
EV system, MPPT has high importance because of the regular partial shading from various 
obstacles on the road and the constantly changing position of the sun. Developed system is 
shown on Figure 5.41.  
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Figure 5.41: System Architecture with Integrated PV Unit 
The peak PV output can be calculated using: 
 𝑃𝑃𝑉 = 𝐴 ∗ 𝑟 ∗ 𝐻 ∗ 𝑃𝑅  (5.30) 
Where A is the area of the panel, r and H are the solar irradiance factors and PR is the 
performance rating of the solar generation cells (0.7–0.85). 
As the area of the vehicle’s roof is around 2 m2, the maximum power of the solar panel is 0.7–
1 kW. The key benefit of PV integration is its operational time because it can produce energy 
constantly compared with recuperative braking generation, which occurs simultaneously. 
The load-sharing algorithm was adjusted according to (5.31)–(5.33) to show the principles of 
the load-sharing and decision-making process with an additional power source: 
 𝑃𝑅𝑒𝑞𝑢𝑒𝑠𝑡 = ∑ 𝑃𝑃𝑒𝑎𝑘 ∗ 𝑅𝑒𝑞𝑢𝑒𝑠𝑡
𝑛
𝑖=1   (5.31) 
 𝑃𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 = 𝑃𝐸𝑆𝑆 + 𝑃𝑀𝑜𝑡𝑜𝑟−𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 + 𝑃𝑃𝑉  (5.32) 
 𝑃𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑 = 𝑓(𝑃𝑅𝑒𝑞𝑢𝑒𝑠𝑡, 𝑃𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 , 𝐼𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑐𝑒) (5.33) 
The supplied power signal is based on the available power and importance of the system. The 
fuzzy logic centralised controller was used to supply the PWM control signal to the individual 
converters. Triangular membership functions were used for the fuzzy controller. Table 2 
summarises the developed decision-making process, where the load importance and the 
battery’s SoC are the input parameters, and the duty cycle of the PWM signal is the output. 
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5.7 Conclusion 
This chapter presents the developed and implemented architecture for EVs with a HESS as 
the initial conditions to determine available energy, the powertrain as the key energy 
consumer and the centralised load management system as the key developed approach. 
The developed system relies heavily on the SoC of the battery as the key element of the 
HESS. The developed solution provides up to 250 kW of power and can be upscaled for 
various needs if required. The key benefits of the added HESS are low recharging time of the 
FC as the key supportive element and high-power capability because the UC is assigned to 
handle power ripples. 
The drivetrain control includes acceleration control and deep integration of the various 
elements of the HESS in the process and advanced recuperative braking control. The 
developed solution enables energy to be generated from kinetic energy during braking and 
potential energy from downhill motion. In addition, the developed power electronic solution 
integrates the powertrain into the auxiliary loads using additional switches. The developed 
system can use regenerated energy through both the HESS and the loads to improve the 
efficiency of the process. In addition, the developed system has high control capability over 
the braking process through control over supplied energy to the loads, which is a more 
flexible option than a pure HESS interaction. 
The main developed load management solution is based on the centralised load-control 
architecture. The designed architecture includes two voltage busses: HV and LV. The 
developed solution applies the ISO 26262 standard safety regulation because the safety 
systems are independent from the centralised controller and have a higher fault tolerance 
environment for the decision-making process for these important components. The other 
systems are divided into several groups based on their effect on safety. This enabled the 
development of a real-time decision-making process based on the fuzzy logic approach. The 
individual converters were introduced within the solution to improve the system’s 
controllability. The developed solution also meets the stochastic nature of the power request 
for loads from occupants or environmental sensors. 
Further, the PV system integration was proposed as an additional generation unit within the 
EV. The small PV unit was integrated into the LV bus of the system to supply generated 
energy straight to the loads because the peak power of the solution is low.  
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Chapter 6: Implementation of Intelligent Energy Management 
System for Generation and Energy Storage System 
6.1 Introduction 
Chapter 5 presented the design of the ESS, the propulsion system and the centralised load 
management system. The next step is the simulation and testing procedures of the separate 
systems and their integration into EVs. This chapter presents the results of the simulation and 
experimental tests. 
This chapter is divided into two sections. Section 6.2 presents the intensive testing results of 
the propulsion system design and control, including the integration of the auxiliary loads to 
improve the braking torque stability, as discussed in Section 5.3. The simulations were 
performed in the MATLAB Simulink environment and tested on the LabVolt hardware 
platform. Section 6.3 evaluates the performance of the developed load management system 
using loading-sharing techniques and the SoC of the battery as the key controlling signal. The 
developed system and existing solution were simulated using the MATLAB Simulink 
environment and implemented in custom-made hardware. 
6.2 Implementation Results for Propulsion System Design 
As discussed in Chapter 5, the developed solution improves the efficiency of the propulsion 
system through improved recuperative process monitoring and control. However, the 
solution’s usability should follow the motor mode operation prior to the generation procedure. 
The controllability of the speed and torque in the motor mode was tested first. 
A LabVolt electromechanical setup was used for the experimental verification of the solution. 
Table 6. presents the technical specifications of the tested equipment. 
As discussed in Chapter 5, the operating environment for the motor mode is defined by 
varying a duty cycle of the switch IGBT Q1 from D = 0 to D = 0.5 for the forward movement 
of the EV. After the duty cycle increases from D = 0.5 to D = 1.0, the polarity of the output 
voltage of the converter is reversed, which leads to a change in the rotational direction of the 
motor. As estimated, this range is applicable for the reverse motion. 
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Table 6.1: Technical Specification of Propulsion System Experimental Setup 
Item Technical Specification 
PMDC motor Nnominal = 1,750 rev/min; PNominal = 300 W; VDC = 240 VDC 
AC induction motor Nnominal = 1,670 rev/min; PNominal = 280 W; VAC_nominal = 3 Phase, 240 
VAC, 50 Hz 
Brake/primary mover TMax = 3 Nm, nmax = 3,000 rev/min, P = 350 W 
IGBT converter Vdc_bus = 820 VDC, IPeak = 12 A, VSwitching = 5 V 
Resistive loads VMax = 380VAC, IMax = 10 A 
Battery Lead–acid, 12 VDC, 60 Ah 
Figure 6.3 shows the speed characteristic of the PMDC motor based on the applied duty cycle 
of the IGBT Q1 of the converter. As shown, the speed steadily increases from a duty cycle of 
D = 0.5 to a duty cycle of D = 0, as predicted. However, when the duty cycle increases 
beyond D = 0.5, the direction of rotation reverses, resulting in a negative rotational speed. In 
addition, there is a third region, for D = 0.47 … 0.52, where the rotational speed in 0 rpm. 
This region is associated with the losses in the motor because supplied power is wasted. 
 
Figure 6.3: Speed Characteristic of Developed Converter for Propulsion System 
To predict the performance of the solution, (6.1) was obtained. This function helps to tune the 
accelerator pedal for interactions with the driver: 
 {
𝑛 = 𝑛0(1 − 𝐷), 𝐷 = [0, 0.47]
n = 0, 𝐷 = [0.47, 0.52]
𝑛 = −𝑛0𝐷,𝐷 = [0.47, 1]
  (6.1) 
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Where D is the duty cycle of the switch Q1, n is the rotational speed of the motor and n0 is the 
nominal rotational speed of the motor. 
The efficiency of the propulsion components was the next focus of the study in relation to 
EVs’ energy usage. The efficiency of the propulsion system can be calculated as: 
 η𝑃𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛𝑆𝑦𝑠𝑡𝑒𝑚 = η𝑀𝑜𝑡𝑜𝑟η𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟η𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (6.2) 
Where ηPropulsionSystem is the cumulative efficiency of the propulsion system, which is calculated 
through the efficiency of standalone components, ηMotor is the efficiency of the motor, ηconverter 
is the efficiency of the converter and ηTransmission is the combined efficiency of the gearbox and 
the main gear, if required. 
As (6.2) shows, each element of the system affects the overall system performance. The 
electric motor varies in efficiency based on operational speed, supplied power and generated 
torque. Motor losses can be reduced through construction parameters and the installation of 
the transmission system. However, the transmission system, which combines the gearbox and 
main gear, if required, is represented by constant efficiency of the mechanical parts. The 
combined efficiency of the elements has a value between 0.92 and 0.94. In EVs, the gearbox 
can be eliminated because of the high controllability of the converter. 
As shown, the efficiency of the converter should be maximised to improve the solution’s 
overall performance. The developed solution’s efficiency is not a constant; as shown in Figure 
6.2, it varies with the duty cycle. 
 
Figure 6.2: Output Converter Efficiency for Acceleration Mode 
As shown, minimum efficiency is achieved within a duty cycle of 0.4–0.6. This region is 
characterised as a region with high losses because all supplied power goes to cover the 
internal losses of the motor. A maximum efficiency above 0.9 was achieved in regions with 
high operational speed and low copper losses when D = [0 … 0.07; 0.93 … 1]. 
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The acceleration process of the EV with PMDC and a developed converter can be achieved 
through further duty cycle adjustments according to the required torque. To produce required 
acceleration performance, the controller analyses both the acceleration pedal position and the 
rate of position changing. These variables provide all of the necessary information to obtain 
the required performance function. At the same time, the vehicle’s acceleration is the 
difference between provided and resistive torque. The greater the difference, the higher the 
acceleration that can be achieved. To create this operational environment, a duty cycle request 
for the converter should be set at higher values than the basic duty cycle for momentary 
velocity calculated using (6.1). 
For example, a duty cycle equal to 0.4 produces a rotational speed of 200 rev/min for 
constant-speed conditions, and a supplied duty cycle of 0.35 produces an operational speed of 
450 rev/min. This creates an environment with an extended torque, which is higher than the 
resistive torque of the current speed. This adjustment helps to improve the vehicle’s 
acceleration. As a result, the greater the difference between the duty cycles of the constant 
and supplied velocities, the greater the vehicle’s acceleration because of the higher torque 
difference between the resistive forces and the supplied propulsion torque. 
Further, the flexibility to adjust the duty cycle is limited for high rotational velocities because 
the difference between the supplied duty cycle and the maximum values is limited by D = 0 
and D = 1. This represents the speed limitation of EVs, which is associated with the capability 
of the motors and their nominal speed and cannot be adjusted with power electronic solutions. 
In addition, the acceleration processes have two technical limitations: the tyres’ adhesive 
coefficient, and the current level of the power electronic components and the components of 
the ESS. 
Figure 6. shows the possibility of the acceleration torque control with the constant speed and 
current-level character of this process. Note that the speed was fixed in the measurements. 
During the testing procedure, the current was limited to 2.0 A based on the characteristics of 
the experimental setup. For a proper study of the torque capabilities, rotational speed was 
fixed to the nominal for D = 0.87 to highlight the solution’s high-speed-regulation capability 
for critical conditions. 
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Figure 6.3: Current and Torque Regulation with Constant-speed Operation 
As shown, the torque increases constantly with increases in the duty cycle, which supports 
this study’s theoretical ideas. However, the highest torque is limited by the current prior to the 
duty cycle limitations, as shown in Figure 6.. 
The second part of the developed solution is the motor’s improved recuperation process. The 
developed architecture provides the possibility of smoother torque regulation through the 
generator operation control because of the higher current limits, as discussed in Chapter 5. 
The key difference in the developed system is the combination of the motor drivers and the 
loads to improve the recuperation energy usage. The connection between the loads and the 
motor drive converter was implemented using additional electronic switches. The effect of the 
operational duty cycles of the switches on the braking parameters was studied and evaluated. 
The key parameter of braking is the braking torque. Figure 6.4 shows the braking torque as a 
function of the connected switch duty cycle in the developed solution for theoretical (dotted 
line) and experimental (solid line) results. 
The developed solution considers both directions of operation; thus, the torque equals zero 
when D = 0.5. This region corresponds to the direction-changing process of the propulsion 
system. All generated torque in the region for D = 0.45–0.55 represents the friction torque in 
the mechanical parts of the system because supplied power to the loads is equal (P = 0 W). 
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Figure 6.4: Torque Regulation for Constant Speed in Braking Mode.  
The overall torque regulation for forward and backwards motion can be represented by: 
 𝑇𝑅𝑒𝑐𝑢𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒 = 𝑎𝐷𝐶
2 − 𝑏𝐷𝐶 + 𝑇𝐿𝑜𝑠𝑠 (6.3) 
As the tested results show, regulation using the load-integration approach provides smoother 
torque regulation capability because it was planned in the design stage. 
The motor in the recuperative mode supplied power to the system; therefore, the voltage 
requirements must be presented. The generated voltage should be adjusted to meet the 
requirements of the battery-recharging process and fit within the set voltage levels for HV and 
LV loads. As voltage variation is based on the variable speed, the output voltages were tested. 
Figure 6.5 shows the generation voltage curve, which is similar to the motor regulation curve. 
 
Figure 6.5: Voltage Regulation with Constant Speed for Braking Mode 
Based on Figure 6., it can be deduced that, subject to changing speeds, the duty cycle can be 
varied to provide constant voltage to satisfy the charging equation of the batteries and 
required voltage levels of the loads using the capability of the separation of the current flows. 
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The main benefit of the developed solution is the extension of the generation region for the 
recuperative mode. For the existing solution, charging the battery’s voltage limits the 
generation capability for low operational velocities because the recuperative power has an LV 
level. In the developed solution, the low rotational speed power can be supplied to the LV bus 
and power LV loads, which extend the generation region. 
The efficiency of the charging process was also investigated during the testing procedure. 
Figure 6.6 shows the motor’s efficiency in the recuperative mode. The blue, red and green 
lines represent the efficiency of the converter, the motor and the overall system performance 
respectively. 
 
Figure 6.6: PMDC-based Propulsion System Efficiency Study in Recuperative Mode 
As shown, the developed converter has more than 80% efficiency within duty cycles between 
0 and 0.35 for reverse-movement braking and between 0.65 and 1.0 for forward-movement 
braking. 
To conclude, the results of the implemented solution support the prediction of better 
controllability and improved usage of recuperated energy. Therefore, the overall efficiency of 
EVs can be improved by 4% because low-speed recuperation is possible. 
6.3 Implementation Results of the Load Management System 
The significant effect of the developed solution is related to the newly developed centralised 
architecture for the load management system. As discussed in Chapter 5, the centralised 
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architecture has several advantages, including better interconnections between systems, the 
possibility of applying load sharing and, in some cases, load-clipping techniques to meet 
energy-saving requirements and improve distance-on-a-charge characteristics. 
Initially, the centralised load management architecture was simulated using a MATLAB/ 
Simulink environment. All loads from EVs were connected to the individual load converters, 
except for the passive and active safety units, as discussed in Chapter 5. The loads were then 
connected to the battery units to study the direct effect of the developed solution on BEVs, 
with a lower effect on other ESS architectures. 
As discussed in Chapter 5, the centralised controller with a fuzzy logic-based nature was 
added to generate the control signal for the individual converters. The input information about 
the SoC of the ESS and the importance of the loads was supplied to the converters to perform 
the decision-making process. The load requests were simulated using a randomise function. 
As discussed in Chapters 3 and 5, the developed solution follows a real-time, real-world 
scenario that does not follow developed loading cycles because most auxiliary loads are not 
included in the developed testing methods. In the settings of the randomised functions, the 
found operational times were added, as provided in Chapter 3. 
The same load scenario was implemented for a non-managed system, whereby all systems 
with the same power requirements were connected directly to the ESS used in the managed 
system, and the same randomised loading requests were applied as for the developed solution. 
An unsupervised system was implemented to evaluate the difference in energy consumption 
and battery life for the existing system and developed architecture. 
Figure 6. shows the designed simulation model in the MATLAB/Simulink environment. As 
shown, each load is connected to the power bus using both polarities, and to the information 
bus, which transfers information about the SoC of the ESS and the importance of the load. 
The importance constants were separated from the loads because of their changing 
environment. 
Individual loading masks have a resistive power load connected to the load power converter. 
The controller interacts directly with the load converter through adjustments of the PWM 
signal. The controller analyses the SoC and the importance parameter of the load to adjust the 
individual loading-request signals and place the difference of the requests in the stack. 
 152 
 
Figure 6.7: Developed Model in MATLAB Environment 
In addition, the voltage adjustment calculation for individual loads was integrated into the 
system to adjust the supplied voltage to the load and prevent an overloading problem. The 
adjustment signal was combined with the signal of the load controller, which affects the 
PWM signal for the converter. 
Simulations were performed for both architectures, and Figure 6. presents the results. As 
shown, the developed solution decreases the energy consumption of the overall system by 
45% because of the load-sharing, load-shifting and load-clipping procedures. 
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Figure 6.8: Simulation Results of Developed Load Management System 
As shown in Figure 6., the first section is identical for both systems, which is in line with the 
developed logic and supports the idea of stochastic randomised load requests. The other two 
stages show that the shape of SoC charging is similar for both systems. This shows a very 
close loading-request pattern, where the gradient of the SoC in the developed solution is not 
as steep. This shows that systems with high power requirements, long operational times and 
low importance receive less power because their requests are collected in the load stack. 
However, the analysis of the supply shows that all requests were satisfied by 73% from the 
original requests. 
The biggest limitations in the developed system were applied to the infotainment components 
because of their low importance. However, all load requests from the safety systems were 
fulfilled. 
As a result of the significance of the simulation results, an experimental testing bench was 
designed and built. Table 6.2 presents the developed experimental setup. The system was 
tested with various conditions to optimise energy consumption with high loading-request 
processing and low clipping. Battery voltage was monitored to calculate the SoC as a function 
of the voltage. 
 154 
Table 6.2: Load Management System Setup Specification 
Item Specification 
IGBT-based converter Mitsubishi CM600HX-12 A, VMAX = 600VDC, IMAX = 12 ADC 
Load Resistive loads, 15 items, 400 W each, 48 VDC rating 
ESS Gel-based lead–acid battery, 12 VDC, 100 Ah 
Capacitance/inductors Ccap = 1 mkF; LInd = 2 mH, both 48 VDC-rated 
Controller NuvoTon NuTiny, NUC472HI8AE 
Switches Solid-state Relays, 48 VDC 
Figure 6. shows the obtained results for the ESS of one battery and all connected loads. 
 
Figure 6.9: Experimental Verification of the Load Management System 
As shown, the experimental function follows the results obtained from the simulation. For 
auxiliary loads, energy savings of up to 40% can be achieved compared with an 
uncontrollable decentralised solution. 
Figure 6. shows the best results obtained; however, the average gain in operational time for 
various settings of the controller was 25%, which is a significant gain compared with existing 
systems. 
6.4 Conclusion 
This chapter presented the simulation and testing results of the developed propulsion and 
centralised load management systems for advanced energy control in EVs as the key 
applications of smart grid approaches. 
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The chapter first presented the testing and simulation results for the propulsion system. The 
developed solution provides better controllability over the recuperative generation process of 
the electric motor by using generated power through the loads and storing it in the HESS. The 
developed solution shows high performance and efficiency during both the acceleration and 
braking processes. It provides a possibility to improve the performance of the ABS through 
control over the generated energy and the loads’ supply power. Compared with existing 
solutions, it saves 12.7% of extra energy. 
This chapter also discussed the performance of the developed centralised load management 
architecture with the inclusion of the drivetrain. The results of the simulations and 
experimental verifications for auxiliary load management showed a 25% gain in operational 
time on a charge of a battery unit compared with existing decentralised architecture. 
  
 156 
Chapter 7: Conclusion 
This chapter summarises the contributions of this thesis and its effects on the knowledge base 
from the author’s perspective, and it discusses important directions for future work. 
7.1 Summary of Thesis Contributions 
The central problem discussed in this thesis is the problem of implementing an efficient EMS 
in current EVs instead of increasing the size of the batteries. Before summarising the specific 
technical contributions of this study, the main conclusions are presented below. 
First, a loading profile for on-board systems and electrical appliances was developed to create 
an efficient load management system and understand the nature of electrical loads in EVs. 
Load requests are received from the vehicle’s occupants or the surrounding sensors; therefore, 
they are difficult to predict because of their stochastic nature. This in turn makes it difficult to 
predict the loading profile. In addition, load requests depend on environmental factors and 
traffic conditions. This makes traditional predictive models inefficient for EV applications. 
Second, current state-of-the-art electrical/electronic architectures in EVs are limited to 
decentralised loading configurations in which individual controllers oversee the supplied 
energy. The existing solution has limited efficiency and may cause the failure of the safety 
systems because of the limited available power. In addition, the centralised system may 
balance the loads and improve the recuperative braking process through the additional use of 
generated power through the loads (both LV and HV) rather than simply storing all energy in 
the HESS. The developed system in this project operates based on the stochastic nature of the 
request and follow the guidelines of the ISO 26262 safety standard. In addition, it provides a 
longer operation time on the same charge of the battery as the key element of the ESS. This 
allows EVs to use a smaller battery and, as a result, achieve a longer distance on a single 
charge with the same ESS size and weight. This in turn provides more flexibility in the 
vehicle’s packaging and provides extra space for occupants and goods. 
Third, for most developed systems, the effect of thermal energy on electrical energy is 
overlooked because of the minimal interaction of the systems. However, this study found that 
advanced thermal energy management can improve electrical power consumption and 
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decrease it for wintry conditions, thereby improving the efficiency of the motor drive, the 
power electronic components of the EV and the storage components. 
7.1.1 Loading Profile Summary for Electric Vehicles 
The loading profile of EVs was developed as an initial part of developing the load 
management system as the key element of the energy management solution. The developed 
solution oversees the modern trend of increasing the number of appliances in vehicles and 
novel safety standards defined by the ISO 26262 standard. 
Based on the requirements of the standard and the list of typical vehicle systems, all loads 
were divided based on their effect on safety, and their power consumption was identified. In 
addition, the survey discussed the operating time as part of the total duration of operation of 
the vehicles. The following findings were obtained: 
1. Safety systems require constant access to power, and all of their requests should be 
fulfilled in the shortest possible time. 
2. Loads with the highest operating power do not have the greatest effect on safety, and 
their power consumption can be adjusted in certain regions and shared with a system 
with higher importance. 
3. The operating time of systems with high power and a minimal effect on safety is 
higher than for most safety systems, which determines the high energy consumption 
by comfort providers rather than safety systems. This provides flexibility to share the 
load between comfort and safety systems. 
4. The loading requests, which create the loading profile, cannot be predicted in advance, 
and all solutions with pre-designed patterns are not feasible. Only the occupants and 
sensors generate load requests, which places the EV system into the domain of an 
IMG with stochastic load requests. 
7.1.2 Thermal Energy Effect on Energy Consumption of Electric Vehicles 
Chapter 4 discussed the effect of thermal energy as part of the general EMS. The key focus 
was on the drivetrain components’ electric motors. The difficulty with electric motor 
operation is the self-cooling process resulting from the rotor’s rotation and shape. Motors 
generate a certain amount of thermal energy—especially when the vehicle runs at a low speed 
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with a high requested torque. These conditions can be found in large cities with traffic. 
Further, the increased temperature of the motors affects motors’ efficiency. 
The developed solution includes a cooling system whereby the heat is received from the 
drivetrain components, including motors and power converters, with some support from the 
ESS. This study showed that the most efficient operational temperature of motors is 25–35 °C, 
whereas during operation, the temperature can hit 60–70 °C. The generated heat can be moved 
to the heat exchangers of the climatic system, and they can decrease the energy usage of 
electric heating elements. Using thermal energy, the dimensions of the heating elements can 
be decreased by 15%, which leads to a 10% energy saving for the overall system because a 
small hydraulic pump is required to power the system. 
7.1.3 Developed Drivetrain Control 
The drivetrain is the main source of additional energy in EVs. The developed solution adds 
one more source of energy usage to ESSs’ common components. As the current recuperated 
energy is fully converted into energy in the UC and battery, the developed solution follows 
the next equation: 
𝑃𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 = 𝑃𝐿𝑜𝑎𝑑𝑠 + 𝑃𝐸𝑆𝑆 
In addition, the applied braking torque adjustment is more flexible in the developed solution 
because the braking torque is a function of the current. In the developed solution, the battery 
SoC has a lower effect on the used energy in the recuperation process because the supplied 
power to the loads can be further adjusted. 
Further, the developed solution provides additional connections between HV and LV busses. 
Together with the load management system, the connections improve the solution’s efficiency 
through extra energy distribution and load sharing. 
7.1.4 Designed Centralised Load Management System 
The centralised load management approach was implemented for the IMGs. Interconnections 
between loads enable energy adjustments to be made based on load requests from all loads at 
the same time. The developed solution with two busses allows the component to be taken 
from existing vehicles with 14 VDC EE architecture, and the control unit is replaced by the 
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centralised system. This eliminates around 20 control units, which further decreases energy 
consumption. 
The developed system combines loads with individual converters. Implementing the 
individual converters design provided an opportunity to limit supplied energy to individual 
loads rather than the entire system. The supposed energy is based on the following equation: 
𝑃𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 = 𝑓(𝑃𝑅𝑒𝑞𝑢𝑒𝑠𝑡𝑒𝑑, 𝑆𝑜𝐶𝐵𝑎𝑡𝑡𝑒𝑟𝑦 , 𝐼𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑐𝑒) 
The decision-making process is based on the fuzzy logic controller with the SoC of the 
battery as the driving variable. Fuzzy logic allows the system to show reliable performance 
with stochastic load requests. It is suitable for the complex behaviour of the HESS and the 
high number of connected loads. In addition, an expansion of the number of loads can be 
performed easier with fuzzy logic because only the importance of the new system should be 
designed in the controller, and the decision-making will be performed. 
The developed solution showed lower energy consumption compared with existing 
architecture. As shown in Chapters 5 and 6, the energy saving reached 40% for on-board 
loads. For the overall performance of EVs, the developed solution can save 20–25% of the 
consumed energy in low-speed operating conditions in a real-world scenario. 
In addition, the developed architecture with a centralised controller provides higher flexibility 
in the ESS design. A centralised controller supplies detailed information about power requests 
to the ESS. It provides an opportunity to balance the supplied load from the HESS in the most 
efficient way. As part of the implemented solution, the designed load controller was coupled 
with a HESS with an FC and a UC. 
The developed solution has some limitations. The first limitation relates to the high cost of 
implementing individual converters. High-power semiconductors cost more, and individual 
converters increase the system’s cost. The second limitation relates to the system’s expansion. 
New loads should be compatible with the existing architecture and provide required 
information to the centralised controller. The third limitation relates to the solution’s fault 
tolerance. The developed architecture eliminates the effect of the load management system on 
the safety components by connecting all safety systems directly to the ESS. If the fault 
tolerance of the controller can be improved, the safety systems can participate in the decision-
making process with small energy limitations if required. 
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7.2 Directions for Future Work 
Adaptable load management. Control systems’ current patterns heavily rely on self-training 
and adaptability to certain conditions. As the centralised EMS of EVs should be able to 
operate in various conditions with completely different loading profiles, adaptable load 
management algorithms should be developed. The new training process should be based on 
neural networks with the training process in place. This system could be adopted for certain 
driving styles for efficient drivetrain energy management and certain loading requests from 
users so it can better predict and construct the loading profile for decision-making. 
Further study of thermal energy effect. This study discusses the general idea of using the 
thermal energy of electrical components in the electric EMS. Further theoretical studies of the 
effect of diverse options for ESS thermal behaviour are required to determine additional 
resources of thermal energy in EVs and their capability to decrease electrical energy 
consumption. 
Development of the user interface. In line with the development of adaptable load 
management, the interface of interactions between occupants and the centralised load 
management system should be developed. As some load requests might not be completely 
fulfilled, the user interface should be different from the traditional interface for system control 
in vehicles. The interface should highlight energy limitations and show users’ expectations in 
relation to processing their requests in real time. The developed interface could be directly 
combined with the EMS to decrease the allocated space in the packaging. 
Integration of on-board EMS with smart grids for charging purposes. The developed 
architecture combines various signals. To improve the solution’s sustainability, EVs should 
be integrated into the smart grid domain. Predictions about loads and possible charging times 
should be handled by the electrical grid. Predictions could be made regarding EVs’ possible 
energy consumption to improve the efficiency and quality of the service. Information about 
the current load, the SoC of batteries and predicted distance on the current charge would help 
in providing charging options for the driver and in preparing infrastructure for the upcoming 
load in the location. In addition, charging stations could be based on renewable sources to 
decrease the charging price and improve the solution’s sustainability. Further, communication 
patterns could be supported by an autonomous solution in transportation and act as an 
additional communication link between vehicles and infrastructure. Another benefit of a 
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connected system would be the possibility to receive quick-charge support from a passing-by 
vehicle in a worst-case scenario. The vehicles could share the charge based on the available 
SoC conditions with or without pricing depending on the situation and application. 
Solar control improvement for EV conditions. As the vehicle is a moving object, solar 
irradiance for built-in PVs is not consistent. The integrated PV unit experiences constant 
disruption from branches, clouds and other shading objects; therefore, partial shading 
conditions cannot be studied as efficiently as stationery solar systems. This means that the 
MPPT system of the integrated unit should be specifically designed for EVs’ needs. This will 
improve the efficiency of generation, which will in turn affect the overall system’s 
performance with a low initial cost. 
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Abstract: The paper presents the energy management system design for electric vehicle (EV) 
with solar panel integration to enrich the on-board generation and assist the limited resources 
of the energy storage components. The applied method is combined with the load sharing 
mechanism to improve the energy utilisation of the generated energy and improve the load 
request processing. The developed load sharing algorithm is based on the centralised load 
controller with the assigned importance of the individual loads. The designed system power 
bus architecture includes PV panel integrated in the low voltage bus of EV, as the majority 
number of the loads are connected to that bus. Second reason of integrating PV to the low 
voltage bus is the actual size of solar panel and voltage capacity. The article discusses the 
design of the power components for the PV panel integration, the feasible impact of PV panel 
integration and the difference in power management algorithms in developed system.  
Introduction.  
Modern Electric Vehicles (EVs) have faced the problems of the available energy limitations 
due to the low capacity of the Energy Storage Systems (ESS) followed by a long recharging 
time of batteries. As a result, the driving range on a single charge is limited, which is crucial 
for the usability of the system. Many researchers have tried to improve the energy recovery 
system in order to generate the energy during the braking process, as the only available 
energy generation capability to support ESS. This energy is used in the ESS to extend the 
driving range. The problem of the recovery braking is the power limitations of the ESS 
components, amount of available energy and the duration of braking processes in comparison 
with the acceleration driving mode [1, 2].  
Another approach for sustainable energy management applications was proposed for islanded 
microgrids, where available energy is limited be the storage capacity of the ESS and 
unpredictable output of renewable energy generators [3, 4]. In the microgrids, the load sharing 
techniques was proposed in order to reduce the peaks loads through sharing the power among 
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the loads and shifting the loads with low importance to the different time and distribute the 
energy consumption over the time periods with the maximum available energy from 
generators rather than from the ESS to improve the power parameters of the grid [5, 6]. All 
load sharing methods are based on the load prioritisation, when some loads are considered as 
the priority loads and should be fulfilled by the energy management system in any occasions, 
and the controllable loads, which can be postponed towards the suitable energy conditions [7].  
In this paper, the load sharing approach was applied to the EV’s on-board energy 
management. On top of it, the integration of the solar cell was proposed and introduced. Solar 
generator was combined with the power system of the vehicle and its management 
components were combined with the load management system. The limitation of this research 
is an absence of the interaction between the drivetrain and the on-board appliances.  
Developed Power Bus Architecture 
Developed architecture has two separate voltage busses and individual power converters for 
the loads. The low voltage bus line is used to accommodate the auxiliary loads, which can be 
taken from the conventional vehicles with the voltage rating of 12V or 48V. The low voltage 
bus cannot be used for the drivetrain control, as the power there has much higher rating. Also, 
the heating and ventilation system (HVAC) is connected to the high voltage bus due to the 
higher power requirements. The main difference with the existing solutions is the individual 
converters for the loads to limit the consumed power according to the control conditions and. 
Developed architecture is shown on Figure 1. 
 
Figure 1. Develop Power Architecture.  
The developed system has several additional integration features in comparison with existing 
solutions, such as individual converters, further integration of the low voltage loads with the 
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high voltage bus through buck converter and load sharing mechanism between high voltage 
and low voltage loads.  
Also, the fault tolerance of the system is based on the ISO26262 standard. As a result, the 
active and passive safety systems, such as airbags, brake assist, and power steering 
components are directly connected to the high voltage bus via the individual buck converter. 
As those loads have the highest priority, developed architecture avoid the impact of any faults 
in controller.  
The main problem of the EV is limitation capacity of the battery and, as a result, the limited 
available energy capacity with very low generation capability. The generation capacity of EV 
is limits to the recuperative process of the drivetrain. The recuperative braking process is not 
efficient and limits in time, so the supplied energy cannot charge the whole used energy of the 
system.  The power requirements of the individual systems are shown on Table 1.  
Table 1. Power Requirements of On-board Systems.  
System Name Peak Power, kW Operating Voltage Signal Source 
Drivetrain 100 (approx.) High Voltage Driver/ Occupant 
HVAC 8 High Voltage Driver/ Occupant 
Power Steering 2.1 Low Voltage Driver/ Sensor 
Wipers 1.5 Low Voltage Driver/ Occupant 
Multimedia System 0.8 Low Voltage Driver/ Occupant 
Lights 0.5 Low Voltage Driver/ Sensor 
Airbag/Passive Safety 0.5 Low Voltage Sensors 
Brake Assistance 0.3 Low Voltage Sensors 
To improve the power generation capacity of the system, the developed system has integrated 
photovoltaic (PV) system. As the maximum power and generated voltage of the installed PV 
panel is low for the high voltage bus, the maximum power point tracking unit is combined 
with the low voltage bus to power up the auxiliary loads, as shown on Figure 2. 
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Figure 2. PV Integration Diagram. 
The peak PV can be calculated using (1): 
EPV=A*r*H*PR      (1) 
Where A- area of the panel, r and H are the solar irradiances and PR- performance rating, 0.7-
0,85.  
As the area of vehicular roof is around 2m2, the maximum power of solar panel lies from 0,7-
1 kW. The benefit of PV integration is the operational time, as it can produce the energy 
constantly in comparison with the recuperative braking generation, which happens 
simultaneously.  
Control Algorithm 
The load sharing algorithm was applied to the energy management system. Equations (2-5) 
show the principles of the load sharing and decision-making process:  
𝑃𝑅𝑒𝑞𝑢𝑒𝑠𝑡 = ∑ 𝑃𝑃𝑒𝑎𝑘 ∗ 𝑅𝑒𝑞𝑢𝑒𝑠𝑡
𝑛
𝑖=1      (2) 
𝑃𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 = 𝑃𝐸𝑆𝑆 + 𝑃𝑀𝑜𝑡𝑜𝑟−𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 + 𝑃𝑃𝑉    (3) 
𝑃𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑 = 𝑓(𝑃𝑅𝑒𝑞𝑢𝑒𝑠𝑡, 𝑃𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 , 𝐼𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑐𝑒)   (4) 
The supplied power signal is based on the available power and importance of the system. The 
fuzzy logic centralised controller was used to supplied PWM control signal to the individual 
converters. The triangular membership functions for fuzzy controller was used. The 
developed decision-making process is summarized in Table 2 where the Load Importance and 
Battery SoC are the input parameters and the Duty Cycle of PWM signal is and output.  
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Table 2. The rules table for fuzzy logic control.  
 Load Importance 
B
a
tt
er
y
 S
o
C
 
 Very High High Medium Low  Very Low 
Charged Full Power Full Power Full Power High Power High Power 
High Charge Full Power Full Power High Power Half Power Low Power 
Medium Charge Full Power High Power Half Power Low Power Low Power 
Low Charge High Power Half Power Low Power Low Power No Power 
Very Low Charge High Power Low Power No Power No Power No Power 
 
For initial testing, the SoC signal was sued as a references signal, as it defines the stored 
energy and defines the duration of use of the EV. Solar panel is connected to the battery and 
charge it, so the transition between SoC regions can be moved in time.  
Applied method showed 23% better performance in comparison with unsupervised method, as 
show on Figure 3a and 3b.  
           
a) b) 
Figure 3. Performance of a) Unsupervised Control System, b) Fuzzy Logic Controlled System 
 
Conclusion 
The centralised load control architecture was developed for on-board systems of EV. The 
further integration of PV panel was proposed and developed. The developed system has 24% 
better performance of the system in comparison with conventional system with no control and 
no PV integration. Further impact analysis of generated energy of the moving PV is under 
investigation to insure the stability of the generated power of PV to improve its impact on the 
system.  
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1. Introduction 
Electric Vehicles (EVs) has become the main way to solve 
transportation problems in the last decade. The main benefits 
of the EVs are sustainability, low emissions and possible 
integration with the existing and developing infrastructure, 
such as smart grids and microgrids [1]. 
    Despite all benefits, EVs have raised some problems, 
which were not common for conventional vehicles. The main 
challenges of the EVs is the low distance range on a single 
charge [2, 3]. To solve this problem, most researchers 
proposed advances energy storage systems (ESS) to improve 
the stored energy onboard, as the ESS is the only available 
source of energy [4]. Furthermore, the number of appliances 
grows every year due to the increasing number of safety and 
multimedia systems. More appliances mean higher energy 
consumption, which further limits the distance range on a 
single charge.   
 Batteries are the main type of ESS for EV applications. 
Batteries provides high energy density with reasonable power 
density [5].  On the other hand, the lifetime of the batteries 
pack is limited and the pack available power limits the 
efficiency of the recuperative braking. To improve the power 
efficiency of ESS, ultra-capacitor (UC) can be used. UC has 
10 times higher power density in comparison with the battery 
pack. UC can be used as a short time energy storage during 
regenerative braking mode and smoothing current component 
for the discharging process [6].  
 Another way to improve the single-charge performance 
can be found in the islanded microgrids design. As islanded 
microgrids operates within the limited available energy and 
stochastic nature of energy generation from solar panels and 
wind generators [7]. The common approach in the microgrids 
management is to use load sharing and shifting to limit the 
energy usage peaks and smooth the energy conservation curve 
[8]. Within the microgrids, some loads cannot be shifted later 
due to the high priority, where the rest can be delayed till the 
operation of the grid will provide enough energy to support the 
demand.  
 Energy management systems were implemented in EV in 
application to the ESS management [6, 9, 10] for the hybrid 
ESS. Another approach to control the power management and 
energy flow in the system was proposed for the drivetrain 
control and motor control in EV [11-13]. As the drivetrain and 
the ESS are connected through the bidirectional motor 
controller, many researchers implemented the converter and 
motor controller design in their papers in [14-16]. The main 
challenge of the motor controller is to organise the 
bidirectional energy flow with the high power level and 
achieve good integration of the efficient regions of the 
motor/generators with the ESS [16].  
 All developed control approaches haven’t covered a direct 
connection between the usage of energy by on-board systems 
with the energy management. On the other hand, some 
researchers have completed a studies on the power 
requirements of the on-board components of conventional and 
electric vehicles. To decrease the cost of transition between 
EVs and conventional vehicles, manufacturers use 12V 
components in EV systems. Such approach requires two 
adiitions: extra low voltage battery and second voltage bus. 
Usually this bus line have no connection with the high voltage 
bus. High voltage bus plays a role of the drivetrain in EVs. It 
serves high power appliences, such as HVAC system and the 
motor/generator. To combine high voltage bus with low 
voltage systems, the low voltage battery charger can be used. 
As a result of this architecture, the efficiency of the system is 
low in comparison with the direct connection between busses, 
as energy has to be stored in the battery with the charging 
efficiency and the only can be used in the system.  
 In comparison with microgrids management, EV’s on-
board appliences have slightly different loading nature. If the 
loads in MG can be scheduled based on the historic data of 
usage on daily basis, the loads in EV have setocastic 
unpredictable nature. Moreover, some systems cannot be left 
without energy, as it can have direct impact on the safety of 
the vehicle. Furethermore, some systems are getting requests 
from the driver or occupants as well as from the various 
sensors. As a result, the prediction cannot be made, as it is 
situational problem. All this limit the usability of the 
scheduling control approach from microgrids. 
 In this paper, developed centralised controlled system is 
discussed and implemented. The paper provides details about 
the architecture of the developed system and the control 
method of the load. After it gives the discussion about the 
experimental verification methodology and the 
implementation of the developed approaches for the testing 
purposes. Finally, the conclusion and work in progress is 
highlighted.  
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2. Developed Control Architecture 
Existing systems of EV have two relatively separated voltage 
busses with limited connection between them. First bus line 
carries the high voltage appliances, such as motor drive and 
HVAC system. This bus line has bidirectional nature, as 
drivetrain can operate in motor mode or in the generation 
mode.  
 The low voltage bus combines most of the on-board 
systems. This voltage bus uses the same components, as the 
conventional vehicles to decrease the installations costs. Low 
voltage bus has separate battery to supply the power demand. 
The battery charging process occurs in case of the low state of 
charge and the energy flows from the high voltage ESS 
through the unidirectional buck converter. The control of this 
converter is based on the SOC function of the low voltage 
battery, as shown on Figure 1. Solid lines represent the power 
flow in the system and dashed lines show the information and 
control signals.  
 
Fig. 1. Control algorithm of conventional EV system.  
 The main problem of the existing system is absence of the 
interconnections between high voltage ESS and high voltage 
bus with the low voltage appliances.  
 All appliances in the low voltage bus lines can be 
characterize using the importance function. Some components 
have continuous power demand, where others operate upon 
driver’s request or based on the sensor’s signal. Importance of 
the system is based on the influence on the safety of EV.  
 All low voltage systems can be divided into several groups, 
based on their role in the safety of the vehicle: 
 Safety systems are the systems, which have direct impact 
on the active or passive safety of the EV or occupants. Such 
systems have the highest priority and should always have some 
energy reserves in terms of the operation. These systems are 
airbags, stability control system, braking assistants and power 
steering.  
 Next group of systems is systems with impact on the 
safety. Such systems have indirect impact on the safety in the 
complicated cases, such as low light conditions and limited 
vision. This group combines windows cleaning mechanism, 
lights and special signals.  
 The last group combines devices with no or minor impact 
on the safety. These systems have the lowest energy priority 
and can be switch off without impact on the safety of the 
vehicle. The third group combines multimedia and comfort 
devices, for example radio, navigation system, seats heating 
elements etc.  
 Existing systems have decentralized control, when the 
power demand is based on the requests from the components 
and has no interactions with the ESS. This method provides 
the best experience for the occupants, as all request are being 
processed with no delay and fully. Despite the comfort 
benefits, this control architecture has low energy efficiency, as 
the ESS cannot observe the importance of the system, which 
sends the power request.  
 To overcome these disadvantages of the existing solutions, 
the centralized integrated power system was developed. 
Developed system is based on the centralized load controller 
and the individual power converters for each load. Individual 
power converters are required for the smooth and delicate 
power supply regulation per the operational conditions, SOC 
of ESS and the importance of the load. Furthermore, the 
developed system includes the additional buck converter 
between HV and LV busses to improve energy utilization 
during the generation process, as HV ESS cannot store all 
available energy due to the high-power level of the process. 
Another benefit of the developed system is the interconnection 
between systems through the centralized controller which 
improves the operation of the components and improves the 
efficiency.  
 Developed architecture is shown on Fig. 2 with solid lines 
represent the energy flow and dashed lines show the 
information and signal processing.  
 
Fig. 2. Developed Control Architecture with Centralized 
Controller.  
 
 Despite all energetic benefits, developed system 
have one challenge in terms of the fault tolerance. As safety 
systems have no fault tolerance and should have unlimited  
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access to the ESS, all power requests come directly to the ESS, 
as in the conventional vehicles.  
 Another problem, that was faced during the simulation 
process, is slow response time of the controller due to the 
synchronous nature of the signal processing in conventional 
load controllers. To overcome these problems, the 
asynchronous logic signal processing was applied to the 
system. Asynchronous logic gives the fast response time in 
comparison with the conventional signal processing, as it is not 
based on the synchronization between all connected 
components, but only based on the average response time. It 
gives flexibility and faster response time for the system with 
the high number of possible requests and connected systems, 
as it is in EV. 
 In addition, applied signal processing provide possibility 
of organizing high level energy control for the HESS with 
battery and supercapacitor. It provides benefits for the short 
time energy quality, as high power demand for the 
initialization process of the load can be balanced within ESS 
by UC.  
 The decision making process of the centralized controller 
is based on the optimization function:  
 
Min(F( SoCBat, PRequest, ISystem))                (1) 
  
 As the controller analyses several independent parameters, 
the fuzzy logic was used for the decision making processing.  
  
 3. Operational Conditions of the Systems in EV.  
Operational conditions of the systems are based on two 
variables: required peak power and operational time. 
Operational time, at the same time, depends on the nature fo 
the power request from the occupants of the sensors, where the 
peak power is based on the components of the systems, such 
as motors, actuators etc.  
 The power requirements with the relevant importance of 
the on-board systems in EV are summarized in the Table 1. All 
peak power requirements are based on the data from the 
manufacturers and electronics’ suppliers.   
 
Table 1  Peak Power of On-board Systems in EVs.  
System Name Importance Peak Power [W] 
Braking 
Assistants 
1.0 200 
Airbags and 
Passive Safety 
Components 
1.0 250 
Stability Control 1.0 150 
Power Steering 0.8 700 
Wipers 0.7 450 
Fans 0.6 1200 
Head Lamps 0.7 200 
Air Heater 0.6 4000 
Air Conditioning 0.5 2500 
Window’s 
Heaters 
0.4 1400 
Window’s 
Lifting 
0.2 800 
Seats Heater 0.2 450 
Interior Lights 0.1 150 
Multimedia 
Systems 
0.1 250 
 
 In terms of the operations, majority of the listed systems 
operate within 12V bus, where heater, fans and air 
conditioning systems are connected with the high voltage bus. 
This difference is negligible for the control system, but it has 
to be mentioned, as the power level is different.  
 Power request is produced by the occupant’s or the sensors 
within a vehicle. The nature of the power request is stochastic, 
so the future requests cannot be planned, unless the reliable 
connection with the road is implemented. Such requests can be 
better managed by the developed asynchronous controller in 
comparison with the conventional one.  
 
3. Experimental Set-Up and Methodology.  
 
Experimental set-up can be devided into two parts. First part 
is associated with the key components and the power bus 
design and required components to implement the real system 
in the experimental scale. Second part of the methodology 
discuss the signal processing and request production to 
simulate natural operation.  
 3.1. Power System Design 
 Power system design is divided into three fundamental 
components: ESS, loads and power converters to regulated 
power flow.  
  
 3.1.2. ESS Set-Up 
 The Energy storage system is the key element of the 
system. As the developed centralized architecture has low 
dependency from the low-voltage battery due to the direct 
connection between main ESS and low voltage loads, the 
separate battery can be eliminated from the set-up due to the 
low impact on the overall performance.  
 The main ESS is presented as a system of the high voltage 
battery connected through the single additional converter with 
the UC for the better recuperative braking performance and 
lower instant power peaks. 
 The control of the connected converter is based on the SoC 
functions of the UC and battery pack. The peak voltage of the 
battery/UC is 100V, as the experimental set-up overall has 
lower power level than the real EV.  
 The ESS system is shown on Fig. 3.  
 
 
 Fig. 3. ESS Experimental Set-Up.  
 3.1.2. Load Control Design 
The load can be implemented using the resistors with the 
required power. As the experimental set-up can be up-scaled 
or down scaled, the resistors should be selected according to 
the peak power of the onboard systems and scaled 
accordingly.  
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 The individual resistor is associated with the individual 
power converter for the power flow control, as some loads 
might not receive all requested power due to the low level of 
the ESS and their low importance in the system.  
 As the converter should have two crucial parameters: 
efficiency and controllability on the low power levels, the 
IGBT-based converter can be used, as the simple PWM 
signal generated by the controller will effectively control the 
power flow for the particular resistor and the efficiency will 
be higher, than other possible solutions.  
 An individual load power management set-up is shown 
on Fig. 4.  
 
 
 Fig. 4. Load Control Design.  
 
 The power regulation for the individual load is based on 
the PWM signal with variable duty cycle generated by the 
Centralized controller. The final decision is based on the 
power request from the load and information from the ESS.  
 The diode connected to the IGBT switch acts as a 
protection system when the power supplied is low. Both IGBT 
and diode have high power rating (500-1000 W) due to the 
loading nature. The current limiter can be included into the 
system for further protection for these components. In the 
initial design, the relay was removed, but in the final 
implementation design, the solid state relay can be used. 
Conventional relays are not suitable for the discussed 
application, as they will produce spark in DC power operation 
mode, which is not safe for the lab environment.  
 
 3.2. Signal Processing Design.  
The designed system is based on two main controllers. One of 
them operates only within the ESS and regulates the SoC of 
battery an UC.  
 Second controller operates as a load controller. It has two 
input information flows: SoC of ESS, produced by the ESS 
controller, and load requests from the particular loads. The 
outputs are connected with individuals load converters and 
supply the PWM signals with the variable duty cycle.  
 The initial programmed part of the load controller includes 
the input programming, initialization of the input signals, 
importance and the PWM-signal output ports for the loads.  
 The biggest challenge in the designed system was to 
implement the spontaneous power request form the individual 
loads, as in real life it is produced by the occupants. To 
implement stochastic nature of the power request, additional 
controller was installed into the system. This controller 
produces the random power requests for the associated loads. 
Load request controller is connecter with an additional block 
of solid-state relays, which can switch the load on and off, but 
cannot produce the power flow control.  
 The request signal from the load switches is being 
processed to the load controller and relays, as relays switch 
on/of the load, where the load controller regulate the supplied 
power.  
 Fig. 5. shows the overall signal processing in the system:  
 
 
Fig. 5. Signal Processing Scheme.  
  
 In comparison with the available schematics, the 
spontaneous, stochastic load request gives closer results to the 
real life set-up, in comparison with the pre-programmed 
simulation and testing. Furthermore, the load controller cannot 
be pre-programmed to the fixed situation and should deal with 
the requests on the go, which makes proposed set-up closer to 
the real-life scenario.  
 
4. Conclusion and Future Work.  
The paper presents the circuit design for the verification and 
further testing of the power consumption of the on-board 
systems of EV with combined ESS. The circuit includes the 
power processing part and signal processing part. The 
verification showed promising results with 15% improved 
power consumption and utilization in comparison with the 
available schematics. Moreover, as the load request in the 
designed circuit has stochastic nature, the approach has 
benefits from optimization point, as it cannot be adopted for 
the testing purposes only.  
 The ongoing work has aim to improve the response from 
the centralized controller through further implementation of 
asynchronous logic signal processing and improving the 
reliability of the system. In addition, hybrid ESS can be 
implemented, where hydrogen fuel-cell is part of the ESS.  
 
Nomenclature    
I importance  [1] 
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SoC State of Charge  [%] 
 
Subscripts  
EV      Electric Vehicle 
ESS     Energy Storage System 
IGBT    Insulated-Gate Bipolar Transistor 
PWM Pulse-Width Modulated 
UC     Ultra-capacitor 
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ABSTRACT – 
Electric Vehicles (EVs) can be characterised as the system with limited available energy 
resources, which become the big problem for the end-users. The driving distance of EV on a 
full battery charge is one of the main concern of the buyer as it limits the freedom of the 
personal transportation systems. The other trend shows that the number of various systems in 
the modern vehicles is growing to provide higher standards of safety and comfort for the 
occupants and drivers. The aim of this paper is to develop and implement the real time 
energy consumption optimisation strategies for the EV to improve the distance between the 
recharging through the intelligent energy management system through combining the loads 
to the centralised bus with asynchronous logic processing for the signals rather than 
increasing the capacity of the battery, as the energy supplier. 
 
TECHNICAL PAPER – 
 
INTRODUCTION 
 
Electric Vehicles (EVs) is becoming one of the primary solutions for private transportation 
problems raised in the 21st century, due to the high efficiency of the motordrive, independence 
from the fossil fuels and high sustainability with low operational environmental impact.  
 
Currently the biggest challenge is to provide a satisfactory performance for users of EV’s the 
overall system. The primary limitation being the travelled distance on the single charge of the 
batteries and the duration of the charging process. As the batteries are the most common 
energy storage system and in some cases the only source of energy for the vehicle. To 
overcome the limitation of distance, batteries with higher capacity can be used, however they 
require longer charging time weigh more and limit the size of the cabin [1, 2]. 
 
In modern vehicles the number of on-board electrical systems have increased significantly. 
More advanced systems and components are able to improve safety, efficiency and 
performance of the vehicle. In conventional or hybrid vehicles, the internal combustion 
engine (ICE) generates all the energy [3]. As a results, energy resources are significantly 
increased within the vehicle, whereas in EV’s the available energy resources are limited to the 
size of the energy storage system (ESS). This leads to further limitations in the distance on a 
charge for EV [4, 5].  
 
There are several ways to solve these challenges. The first solution is to improve the 
characteristics of the batteries or install batteries with a higher capacity [6]. This solution 
leads to higher cost for the vehicle due to the cost of the battery, higher mass and size, lower  
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energy efficiency, as the body and powertrain would be required to carry the heavier battery 
pack. Another solution is to install a hybrid energy storage system with accompanied 
ultracapacitor and/or hydrogen fuel cell to assist the battery [7]. This approach shows 
promising results in terms of the overall performance, but it requires higher capital cost, 
which makes it economically inefficient [8]. A third solution can be taken from the electrical 
industry, particularly microgrids. Islanded microgrids have similar energy limitations to the 
EV due to the unstable nature of the Solar panels and wind generators as the main energy 
generators for microgrids. To overcome these limitations, a specialised energy management 
and load sharing techniques have been developed [9, 10]. This method was applied by 
different researchers for the powertrain energy consumption management in [7, 11] as the 
powertrain is the main power consumer in EV and the only systems with generation capability 
in EV’s, while only a handful of studies have been carried out on the on-board systems 
management [3].  
 
The growing number of such systems and the application of the EMS require the fast response 
and acknowledgment scheme for the power requests from various systems in order to provide 
good costumer’s experience and safety. Asynchronous design methodology and its 
applications have been adapted widely in stochastic systems in recent years. The main 
difference between an asynchronous-based system and its synchronous counterpart is that it is 
completely independent on a time-coordinating system (i.e. the clock system). In particular, 
the functional operation and synchronization of an asynchronous digital system is based on 
hand-shaking protocols. The circuit immediately responds (or acknowledges) to individual 
requests whenever the requested resource is available without waiting for the next 
synchronization signal (which is often the rising or falling edge of the clock signal) to arise. 
Therefore, the response time and the operational speed of asynchronous system, in general, is 
often much higher in comparison to a traditional synchronous design. Another major 
advantage of asynchronous systems is their high efficiency in energy consumption because 
only the active parts within the system (where there are resource request-acknowledge 
operations happen) consume the energy while the other sub modules are automatically in the 
standby mode. This fast, intermittent, and energy consumption efficient signal processing and 
resource delivery approach makes asynchronous design paradigm remarkably suitable for 
heterogeneous systems such as the contemporary EVs which often have sophisticated design 
architecture and complicated, non-uniform and discontinuous communication between sub 
modules. There are several asynchronous design paradigms have been developed since the 
1950s, but the most maturely-developed approach to date is Null Convention Logic (NCL) 
due to its efficiently structural design methodology which effectively mitigate the difficulties 
in functionally-correctly designing and widely adopting asynchronous systems in practice. 
 
 
 
 
Figure 1: Handshaking (request-acknowledge) protocol in asynchronous systems 
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This paper addresses the power requirements of the on-board systems, the power bus design 
for efficient energy management and developed efficient strategy to control and manage the 
power requests for various appliances. It discusses the design of the power system to comply 
with energy efficient strategies through the bus design and the developed power converters to 
create the required working environment. Following this a signal processing system with an 
asynchronous logic foundation to decrease the energy consumption of the management unit 
and improve the signal processing time with the developed strategy and the application to the 
real system and testing results of the method.  
 
POWER BUS DESIGN 
 
The power bus in the electric vehicles combines the on-board systems, drivetrain and the ESS. 
In comparison with a conventional vehicle with a single low voltage DC electric bus, the EVs 
have completely different power requirements for the components. This leads to two separate 
power busses for high-power and low-power systems.  
 
The High-power bus includes specific systems of EV as an example the heating and 
ventilation (HVAC) system in EV has high operational power requirements and should 
operate within the high power bus together with the drivetrain. In conventional vehicles, 
HVAC takes all energy from the ICE and has no specific high-power operational 
requirements. On the other hand, most of the safety systems can be taken from conventional 
vehicles and be combined in the low-voltage and low-power bus to decrease costs.  
 
Figure 2 represents the comparison between energy flow architecture in conventional and 
electric vehicles.  
 
Figure 2: Energy Bus Architecture for A) Conventional and B) Electric Vehicles 
 
For an efficient energy management approach all systems should be combined in to groups, 
based on their impact on safety. Each group can be assessed with the importance parameter as 
well as the maximum power requirements, where the importance I=1 for systems which are 
directly related to safety and their failure or lack of power may lead to the serious 
consequences. Importance as a parameter is required to design reliable working environment, 
differentiate the systems and assist the decision making process for EMS. Table 1 summarises 
the most important on-board systems, their power requirements and the importance.  
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System Name Power requirements, kW Importance 
Drivetrain 100 (approx.) 0.85 
HVAC 8 0.6 
Airbag/Passive Safety 0.5 1.0 
Brake Assistance 0.3 1.0 
Power Steering 2.1 1.0 
Wipers 1.5 0.6 
Multimedia System 0.8 0.1 
Lights 0.5 0.8 
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Table 1: Summary of the On-board Systems in EV.   
 
As it can be seen above, the overall power requirements of on-board systems can be as high as 
15kW. The problem is that smaller and the large vehicle have different available power in the 
drivetrain and still have similar power requirements for the on-board systems.  
 
The detailed analysis of the existing power bus architecture of EV shows that the connection 
between the high power ESS and the low power appliances is based on the single charging 
point of the low voltage battery with limited direct connectivity, as show on Figure 3.  
 
Figure 3: Detailed Power Bus Architecture of EVs.  
 
The problem with the existing architecture is its low efficiency, as the energy should be stored 
in the battery and only supplied to the loads when required, and the limited connectivity 
between the on-board systems and the management system of the ESS and drivetrain. 
Furthermore, low voltage appliances rely on the low voltage battery and cannot access the 
power flow from the high voltage bus, which limits the usability for the low power systems.   
 
Moreover, the motor/generator unit has excessive energy in the recuperative braking process, 
as it cannot be accommodate with the high voltage battery. Ultracapacitor can be used to 
improve the recuperative braking process as it can accept high charging power, but it increase 
the complexity of the EMS, increase the cost of the system and decrease the safety. 
 
To address these problems, a developed architecture unites the systems through two 
additional buck DC/DC converters combined with the motordrive unit, see Figure 4. These 
converters are used to connect the motor/generator and high voltage bus with the loads. The 
aim of this converter is to use generated power for supplying the loads and charging the ESS.  
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Figure 4: Developed Motor Controller with Built-in DC/DC Converter.  
 
In the developed design, the Q7 and Q8 high frequency switches are in charge of the DC/DC 
conversion and the power supply to the high-voltage loads and at the same time for better 
regulation of the recuperative braking process, which can be described through equation (1): 
 
𝑃𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 = 𝑃𝐵𝑎𝑡 .𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 + 𝑃𝐻𝑖𝑔ℎ  𝑉𝑜𝑙𝑡𝑎𝑔𝑒  𝐿𝑜𝑎𝑑𝑠 + 𝑃𝐿𝑜𝑤  𝑉𝑜𝑙𝑡𝑎𝑔𝑒  𝐿𝑜𝑎𝑑𝑠   (1) 
 
The developed architecture does not only improve the power utilisation, but also provide the 
possibility to regulate the braking torque through the load control and extra braking 
capability, as shown in (2): 
{
 
 
 
 
𝑇𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 = 𝑓(𝐼𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 )
𝐼𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 = 𝐼𝐵𝑎𝑡𝑡𝑒𝑟𝑦  𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 + 𝐼𝐻𝑖𝑔ℎ  𝑉𝑜𝑙𝑡𝑎𝑔𝑒  𝐿𝑜𝑎𝑑𝑠 + 𝐼𝐿𝑜𝑤  𝑉𝑂𝑙𝑡𝑎𝑔𝑒  𝐿𝑜𝑎𝑑𝑠
𝐼𝐵𝑎𝑡𝑡𝑒𝑟𝑦  𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 = 𝑓(𝑆𝑂𝐶)
𝐼𝐻𝑖𝑔ℎ  𝑉𝑜𝑙𝑡𝑎𝑔𝑒  𝐿𝑜𝑎𝑑𝑠 = 𝑓(𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒,𝑄7)
𝐼𝐿𝑜𝑤  𝑉𝑜𝑙𝑡𝑎𝑔𝑒  𝐿𝑜𝑎𝑑𝑠 = 𝑓(𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒,𝑄8)
  (2) 
 
 
The developed system can assist the ABS system, as it is more flexible in braking torque 
regulations and adjustments. It can be done based on the control of the Q7 and Q8 duty cycle.  
For the further improvement of the system efficiency, each load and system has its individual 
power controller. In terms of the power electronic design, such controllers can be represented 
as a simple DC-DC controller with fixed input and output voltage, as represented on Figure 5. 
The centralised controller then can get access to each individual converter and adjust the 
supplied power according to the programmed decision through the variable PWM signal. 
Each converter can be assisted with the smoothing capacitor to stabilise the voltage ripples of 
the converter.  
 
 
Figure 5: Power Design of the Load Controller for a Single Load. 
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INFORMATIONS BUS ARCHITECTURE 
 
Currently, controlling mechanism in EVs has a decentralised nature with limited connectivity 
between the systems and components. This control design helps with the transition of the 
systems from conventional vehicles to EVs. The request processing is based on the 
assumption, that the power for all requests has to be supplied fully and immediately with no 
analysis of the request, as the request is coming to the ESS in form of the applied load and all 
analytical process is being done inside the system or based on the request from the occupants. 
This way provides great costumer’s satisfaction with high negative impact on the efficiency 
of the system.  
 
Similar problems can be observed in the microgrids with distributed generators, where the 
requests from the loads have unlimited access to the energy storage and the energy drain is 
higher than in the managed systems with load sharing and prioritisation techniques [12].  
 
To avoid these problems, a centralised controlling architecture was developed. In this system 
all requests from the loading side come to the centralised controller. It observes the currently 
applied load as well as the available power from the ESS to make a decision. As an additional 
option, the ESS control can be included together with the load control, if the hybrid ESS is 
used. The control architectures for current systems and the developed system are shown on 
Figure 6. 
 
 
Figure 6: Control Architecture, A) Common, B) Developed. 
 
The developed architecture has high fault tolerance for the safety systems. Active and passive 
safety systems have direct access to the ESS with no connection with the centralised load.  
The developed decision making pattern is based on the principals of the microgrids load 
sharing techniques with the understanding of the role and importance of the all requests from 
various system and prioritising these signals on the influence on safety. The references signals 
for the decision making process are coming from two sources: ESS Management system and 
the Drivetrain Control and Management System. This signals provide information about the  
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available power to make a decision on the supplied power for the particular system.  
 
Due to the high number of the systems, fuzzy logic was used for the controller due to its 
capability for multi-objective functions. In comparison with other common methods, such as 
Genetic Algorithms and Neural networks, it provide faster results. The calculation time is 
essential for the developed system due to the complexity and number of entities. The fuzzy 
logic operation has three phases: fuzzification, rule inference and de-fuzzification, as the 
linguistic variables are used for the analysis and decision making process.  
 
The triangle fuzzification process was used to convert the crisp values into the linguistic 
values. The triangle membership function was used for this purposes, as the most common 
one. The figure 7 shows the references to negative big, negative small, zero error, and positive 
small and positive big respectively.  
 
Figure 7: Membership Function. 
 
Second step of the fuzzy logic approach is the rule inference. This part is based on the 
application of the rules, described in Table 2 with the If-Then concept.  
 
∆E 
E 
NB NS Z PS PB 
NB ZE ZE NB NB NB 
NS ZE ZE NS NS NS 
Z NS ZE ZE ZE PS 
PS PS PS PD ZE ZE 
PB PB PB PB ZE ZE 
Table 2: Rule Inference Table. 
 
The last part of the decision making process is defuzzificztion. It turns the values obtained in 
previous step into the numerical values, which can be processes to the power converters as a 
PWM signal. This process is based on the similar triangular membership function, which was 
used in the fuzzification step.  
 
The fast response and efficient synchronization for this asymmetric and discontinuous signal 
processing and resource delivery system is achieved using Null Convention Logic (NCL) 
design approach. An NCL-based system is built on a finite set of logic elements called NCL 
hysteresis threshold cell (THmn). Each NCL THmn has n inputs, one output and m threshold 
level. Whenever there is a sufficient set of DATA (i.e. Boolean logic 1 or at the supplied 
voltage level) signals at the input side, the hysteresis threshold cell will output a DATA at its 
output side. On the other hand, when all input signals are NOT-DATA or NULL (i.e. Boolean 
logic 0 or at the ground level), the output of the hysteresis threshold cell will be deserted to 
NULL. This continuous DATA-NULL wavefronts propagate back and forth within the NCL-
based systems without the necessity of external operationally-synchronizing systems such as  
 195 
clock systems. In other words, the NCL-based systems automatically coordinate their 
functional operation and synchronize their timing operation thank to their primitive NCL 
cells.  
 
The absence of the synchronization bodies (i.e. clock systems) is the main benefit of this logic 
since the requirement for designing separate data paths and control paths, and properly 
coordinating their flow no longer exists. This design advantage is significant when the desired 
system is complicated with multiple digital and analogue sub modules communicating and 
requesting resource from each other. As a result, this design technique made it possible to 
have a centralised controlling system, where the load requests from various appliances with 
individual power characteristics and importance factors, are processed by a single signal 
processing unit which takes all resource-requesting inputs into account and makes resource-
delivery decision with an efficient response time. 
 
 
 
 
 
Figure 8: Propagation of DATA-NULL wavefronts in NCL-based asynchronous systems. 
 
The absence of the synchronization time is the main benefit of this logic. As a result, this 
technique made it possible to have a centralised controlling system, where the load requests 
from various appliances with individual power characteristics and importance factors, are 
being processed by a signal unit which takes into account.  
 
The decision making process in the developed system is based on the two variables, 
which are state of charge of the ESS and the importance of the system, which is 
providing the particular power request. The output of the controller is the PWM signal 
with variable duty cycle, according to the available power, system in operation and 
importance of the request. 
 
RESULTS AND DISCUSSION 
 
To assess the developed method, a simulation was performed for the conventional power bus 
architecture with the distributed management of the systems and the overall 100% supplied 
power according to the request form internal system. The requests were simulated based on 
the random unpredictable nature of the requests to fully simulate the original working 
environment.  
 
First challenge was to simulate the spontaneous power request for the on-board systems. The 
random signal with the constant characteristics was used to simulate this pattern. The same 
random signal for the request was used for the both simulations situations. Conventional 
systems with low power controlling mechanisms and for the developed architecture. For both 
systems, the same Li-Ion battery was used as the main and single ESS unit. The used loads 
were up-scaled equally to see the improvements of the managed system for the shorter period 
of time to decrease the simulation time.  
 
Figure 7 shows the results for the conventional system application. As it shown, the SoC of 
the battery is decreasing over the time, but not with the constant gradient, as the loads sending 
requests randomly for individual system.  
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Figure 7: Unmanaged System Power Consumption.  
 
The managed system showed improvements in comparison with the unmanaged system. The 
main difference was obtained in the region with the low values of SoC, as it was programmed. 
Using this system, the protection of the battery can be organised, if required. For the Li-Ion 
batteries, the low charges is not as harmful as for other ESS.  
 
As Figure 8 shows, the operational time on the single charge increased for the managed 
system.  
 
Figure 8: Managed System Energy Consumption. 
 
The overall savings for the system reach 16.1% for the centrally-controlled system. At 
the same time, the safety systems received 100% of the requested energy and the main 
gain was achieved through the partial supplying of the low important loads, such as 
multimedia system, HVAC and drivetrain. 
 
CONCLUSION AND FUTURE WORK 
 
This paper presented the structure of the power consumption in EVs. The new power 
architecture was proposed in order to improve the utilisation of the regenerated braking and 
interaction of the systems. The centralised load controlling management system was 
developed for the decision making process and applied for the current method. This approach  
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showed the improvements in the operational time on a single charge, which is crucial for 
EV’s.  
 
The current work is aimed to prove the concept on the experimental basis and unite the 
electrical energy management system with the thermal energy management in EV and also to 
introduce management system for the load communication with the hybrid and combined 
energy storage.  
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Abstract  
 
There are two trends in vehicle developments which have been prevalent during the last decade. The first is the increase in the number 
of electric zero emission vehicles. The second is the advancement of the electronic and electrical systems aiming to increase the safety 
and comfort of the vehicles. Zero emissions transport characterise as a vehicle with limited available amount of energy resources 
available for on board usage due to the energy storage systems limitations where increasing number of systems requires more energy 
to operate. This paper covers problem of the onboard energy management for Electric Vehicles base on the centralised controller.  
 
Keywords: Electric Vehicle, Energy Management, Fuzzy Logic 
 
1. INTRODUCTION 
The systems on-board modern vehicles have become more complicated as more systems have been developed and 
introduced. Recently developed systems aim to not only improve the comfort of the occupant, but also the safety of the 
people in and around the vehicle. At the same time, there is also a drive to improve the efficiency of vehicles and to reduce 
fuel consumption and, as a result, the emissions produced by the engine.  
Electric vehicles (EV) are one possible solution to move away from fossil fuel powered vehicles. The combination of the 
renewable electric power sources, energy storage systems (ESS) and electric vehicles, contribute to achieving an 
environmentally friendly and pollution free transportation.  
The increasing number of electrical systems integrated into EVs and their power consumption, and energy storage 
capacity limitations can decrease the performance of EVs. A common solution to this is to analyse the ESS and develop 
new types of ESS devices. Researchers are proposing utilisation of the new generation of batteries [1], as well as 
combining existing battery technology with fuel cells or ultra-capacitors to realise a hybrid ESS [2].  
Reducing energy consumption and smart energy management systems for EVs however has not received as much interest 
as it may deserve. Several studies have proposed the application of smart grid technologies to the protection systems in 
EVs [3-5].  
The drivetrain consumes the most energy of the devices within an EV. There has been a significant amount of research 
into drivetrain power management [6-8]. Examples of this include control of the drivetrain operations using fuzzy logic 
[5], sliding mode control [9] and genetic algorithms [10].  Aside from consuming the majority of an EV’s available 
energy, the drivetrain can also  produce power through regenerative braking [11].  
In parallel to the movement towards more electric vehicles, small islanded electrical networks which can operate on purely 
renewable energy sources are receiving increasing interest. Islanded microgrids are the systems, which operate only on 
the internally generated renewable energy with the limited reliance on power from external sources such as the grid.  
Local    energy can be produced by photovoltaic and wind generation systems and then stored in batteries for the low 
solar/wind availability time. 
 
There are also several studies, which demonstrate smart energy management systems for islanded microgrids  to manage 
and balance generation and consumption of the energy within the closed island with limited power from the grid [12, 13]. 
There are two main approaches to microgrid energy management architecture: centralised and decentralised. Centralised 
microgrid systems are based on a single central energy monitoring system, where users supply this controller with 
information regarding energy usage and generation and, storage capabilities  [14]. Decentralised microgrid systems, on 
the other hand, consider each house as a controller, which is connected with the grids and communicates regarding load 
sharing and energy usage in real-time [15]. 
Given the limitations to their energy supply, electric vehicles can be considered as similar to islanded microgrids. From 
an energy management point of view, both islanded microgrids and EVs have a limited amount of energy which is stored 
in battery storage and the on-board energy storage system respectively, which needs to be managed strategically. 
 
This paper considers the use of a centralised approach to energy management such as that used for islanded microgrids, 
for improving energy efficiency, controllability and utilisation in EVs. In practice this would relate to displacing the 
controllers from being located with the considered vehicle systems and locating these centrally.  
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The first part of the paper discusses typical power requirements of the various systems as well as their duration of 
operation so as to develop the required load profiles. The second part of the paper focuses on bus design and physical 
implementation of the decentralised control architecture. The third part introduces a fuzzy logic controller for control of 
centralised energy management system. 
2. POWER REQUIREMENTS AND LOAD PROFILES OF THE SYSTEMS 
The growing number of systems in modern transportation systems increase the complexity in understanding the energy 
requirements and load profiles of the individual systems. There are different ways to classify the systems. In this paper, 
the primary classification is based on the function and importance of the systems. Based on these parameters, the systems 
were categorised into passive safety, active safety, heating ventilation air conditioning (HVAC), lighting, indicators and 
wipers, occupant comfort, and entertainment systems. Further classification can be made based on the power requirements 
and duration of operation as the main variables for the energy consumption.  
2.1. Active Safety Systems 
Active safety systems are systems which assist drivers in the challenging conditions and help to prevent the accidents on 
the road. The active safety systems considered herein are the power steering mechanism and the braking system including 
its components and sensors. Given their purpose, these systems are considered to have the highest importance and should 
always have enough power to operate under any circumstances.  
The power consumption of these systems depends on the components employed. Electric power steering mechanisms 
employ an electric motor which sits on the steering shaft. The duration of operation is equal to the duration of operation 
of the vehicle. Herein we define duration of operation to be the assumed fraction of time the system operates in relation 
to the total time the vehicle is being operated.  
The power supplied to this motor needs to be sufficient to steer the wheels across the range of possible vehicle velocities 
and requested rotational velocities of the steering shaft. Based on [13] the power requirements for the steering motor 
should be around 2kW.  
The braking systems in EVs consist of two separate systems. The first is the regenerative braking system, which operates 
on the powertrain power bus and supplies power back to the EV.. Given that electric motors are not able to produce 
enough braking torque alone, hydraulic or pneumatic mechanisms are still required within the vehicle. The hydraulic 
brakes do not require additional power to operate as the braking pedal transmits pressure from the brake pedal to the 
braking callipers. There is however the need to provide electric power for electronic stability control (ESC) and anti-lock 
bracking systems (ABS) which are operate based on high pressure pumps. ABS/ESC also use sensors to calculate the 
rotational speed of the wheels and computer units for performing calculations. The total required power for the braking 
systems is around 100W, where the majority of the power is used to operate the pump to vary the pressures within. The 
duration of operation of the braking systems are dependent on driving conditions. Slippery roads combined with a high 
number of stops (such as encountered in stop-start city driving), may result in a duration of operation of up to 10% of 
total driving time [16].    
Fig. 1 shows the connectivity of the active safety systems considered, their power requirements and duration of operation. 
 
Fig. 1. Active Safety Systems Power Requirements and Duration of Operation 
2.2. Passive Safety Systems 
Passive safety systems prevent occupants from injury in accidents and are a high priority in the automotive industry.  
The main components of the passive safety systems are airbags, seatbelt pre-tensioner actuators and sensors. Piezo sensors 
are used to activate the airbags when collision is detected. The detected collision then initiates a small explosion to deploy 
the airbags. The piezo sensors need to be powered and supplying information to the system for the entire time the vehicle 
is operating (100% duration of operation). While the energy used to deploy the airbags can be considered from an energy 
management point of view as negligible, there must of course be enough energy in reserve at all time to be able to deploy 
the airbags and for the airbag’s real-time protection and monitoring systems. 
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Another power consuming device is the control unit of the system which operates for 100% of the time the vehicle is 
operating. This uses in the order of 10W of power based on [17]. 
The seat belt pre-tensioner system operates only in the case of emergency, but when it does have relatively high power 
requirements. Usually the power for each seat belt is no less than 100W, and this amount of power needs to be available 
in the case of an accident.  
Figure 2 shows the connectivity of the passive safety systems considered, their power requirements and their duration of 
operation.  
 
 
 
Fig. 2. Passive Safety System Power Requirements and Duration of Operation 
 
2.3. HVAC System 
Apart from the powertrain, the Heating, Ventilation and Air Conditioning systems are the highest consumers of energy 
in an EV.  
In contrast to conventional internal combustion powered vehicles, heating and AC systems both are require high amounts 
of electric power to heat and cool and for this reason the key components of HVAC system operate on the high voltage 
bus together with the drivetrain [18].  
The main consumers of energy for the HVAC system are the fans, heating elements and air compressor pump. The fans 
are a critical part of the HVAC system and each fan requires 800-1000W peak power is dependent on the required 
rotational speed.  Due to ventilation requirements for a vehicle, the duration of operation is equal to the total the vehicle 
is being operated. Despite operating the entire time the vehicle is running, according to research [19], peak power is only 
used for the starting procedure  corresponding to 10% of  total vehicle operating time. . The rest of the time, 20% from 
the peak power of the fan is enough to provide required air recirculation to prevent fogging of the windows.  
In terms of energy consumption, the heater is the second after the EV’s drive motor. The heater is the only source of the 
thermal energy to heat the cabin and, if necessary, parts of the powertrain, and because of the relatively low heat 
production by the electrical part of EVs, compared with the generated by internal combustion vehicles, the heating system 
may require up to 10kW peak of power.  The duration of operation depends on the outdoor temperature and the vehicle 
cabin’s thermal insulation. The power required for the AC pump is lower than that for the heating element at around 3kW. 
The duration of operation for both the heating element and AC pump is high, but most time this element only needs to 
operate at 15-20% of the peak power to keep the temperature inside the vehicle constant.  
Additional heating elements can be installed to the front and rear windscreens. Such elements operate in the cold and 
foggy conditions to clear the windscreens and provide visibility. Each heating element can require 800W of power and 
have a 15% duration of operation. For passenger comfort additional heating elements may also be installed in the seats 
and steering wheel and the peak power requirements for such elements can be as high as 800 to1000W with a 15% 
duration of operation.  
An issue with HVAC systems in EVs is that their peak power occurs at the start of vehicle operation in order to provide 
comfortable conditions for the occupants. Once the requested temperature has been reached the system then uses much 
less power to maintain the climate. 
Figure 3 shows the connectivity of the considered EV’s HVAC systems, their power requirements and their duration of 
operation followed by the overall importance of the system. 
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Fig. 3. HVAC System Power Requirements and Duration of Operation 
 
2.4. Wipers and Lights 
The wipers and lights are two systems where energy consumption should be considered under specific conditions. For 
the wipers, these are required when there is rain, snowfall or the window is being cleared with wiper fluid, and the lights 
are required during the twilight and night time. These considerations affect the amount by which they are assumed to be 
powered during vehicle operation.  
In many countries day lights are required to be on for the entire time the car is in operation. Day lights however consume 
far less power than low and high beam heads lights, but due to 100% duration of operation makes them a critical 
consideration in any power consumption strategy.  
Other lights, such as stop, and tail lights and indicators operate for a longer amount of time than high beams.  
The introduction the LED lighting has significantly influenced power consumption required for lighting, however due 
cost and controllability considerations LED lighting has not yet become a common solution for vehicle lighting.  
The lights interior to the vehicle should also be considered. Because the required light output is low single LEDs are being 
used for internal vehicle lighting. Despite the low power because these lights are always on they constitute considerable 
energy consumption.   
Wipers are another important system which provides visibility to the driver in the conditions such as snow fall and rain. 
The power required for the main motor of a single wiper is approximately 150W.  
 The importance of the wipers and lights can be considered higher than the multimedia or HVAC systems, but lower than 
the critical safety systems discussed earlier and for this reason are assigned an importance factor of 0.7. 
. As mentioned earlier, the duration of operation for the lights and wipers is dependent on circumstances. For example, in 
rainy conditions the wipers are working 100% of the time, and the same for lights for night time driving.  
For the purposes of this paper, designing the control logic, the duration of operation for the wipers can be assumed to be 
15% of the duration of operation, 100% for day lights, and 30% equivalent duration of operation for low beam lights 
(taking into account high beam operation and day lights which remain on and contribute to night time lights).  
Figure 4 shows the power requirements of the lights and wipers and their duration of operation followed by the overall 
importance of the particular system. 
 
 
 
 
Fig. 4. Lights and Wipers Power Requirements and Duration of Operation 
 
2.5. Multimedia and Entertainment Systems 
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The growing number of different entertainment systems being introduced into vehicles combined with the widespread 
demand for support for mobile devices has an influence on power consumption in vehicles.  Modern multimedia systems 
often incorporate medium to large touch screen interfaces which often operate 100% of the time and have a high-power 
consumption of 250W. 
These systems also commonly include GPS navigation systems and Bluetooth handsfree functionality which requires 
approximately 10W of power each with the duration of operation equal to the duration of operation of the vehicle.  
 
. In terms of power requirements, number of speakers and their peak power the largest influence on the overall system 
consumption. Music speakers can be divided into several classes based on the operational output frequency and, as a 
result, on the peak consumed power. Based on these classifications, speakers can be divided into three main classes: high 
frequency speakers with low power of 5- 10W and numbers of 2-4 for the vehicle, middle frequency speakers with 
medium power consumption of 20-25 W and numbers of 2-4 and the high power low frequency class with high power 
consumption of 40-100 W and the single speaker for the vehicle. For the middle size car, 2 high frequency and 4 medium 
frequency speakers are the standard features nowadays. The duration of operation of the speakers for normal conditions 
is equal to the duration of operation of the car. The difference is the consumed power, as normally all speakers operate 
on the 50% of the peak power to create comfortable level of the music.  
There are several other systems are available nowadays for some models. Rear view cameras and parking radars are one 
of the most common additions for the multimedia in the vehicle. Also, in some countries, people are using dash cams or 
charging the mobile devices using the lighters port. For the parking assistants, the duration of operation is very low and 
can be negligible, as their usage is only for the reverse movement. Where the cigarettes lighter by itself and as a source 
of the electricity may consume up to 150W of power. If cigarette lighter slot is used as a power socket in the vehicle, it 
may operate for the 100% of the duration of operation of the vehicle on the 50-70W power consumption. To tune the load 
controller, this energy consumption should be included in the tuning process, as it can be replaced by the wireless charging 
for the mobile phones or other useful, but energy consume options.  
Figure 5 shows the energy consumption by the multimedia systems in the vehicle.  
 
 
Figure 5. Multimedia System Power Requirements 
2.6. Overall Power Consumption 
 
As it was highlighted above, modern vehicle includes huge number of systems with various operational requirements and 
different importance based on the influence on the safety of the car. Total power of the whole systems is as high as 
10000kW at peak. Of course. These systems are not operating at the same time, but as most of this power is consuming 
for the whole duration of operation of the vehicle, the recharging time for EVs is decreasing significantly.  
 
3. CONTROL ARCHITECTURE 
 
3.1. Existing Architecture 
 
Modern vehicular systems are combining all systems only based on their operational voltages, but the managing and 
controlling of the separate elements is relying on the individual management systems of each system. Such approach 
provides flexibility for the manufacturer to include or remove some features, as systems represents as a separate block 
with build in controlling scheme. At the same time, the process of usage for the most systems are determined by the 
driver, who is switching on and off the systems as required for his comfort or safety. As a result, connection between 
systems is limited or, in some cases, there is no connection between systems in terms of power usage.  
Lack of connection between systems leads to the situation, when the system is consuming the required for this individual 
system amount of power with limited control over the other system requires and the whole energy management process 
is included only in ESS controller as a limitation of the immediate power consumption.   
Safety systems operate independently from the driver’s major inputs as they are using sets of sensors and logics for 
operational requirements. Furthermore, the power from the ESS is splitting for these systems equally with the rest of the 
appliances due to the lack of the interaction between the systems. Figure 6 shows the modern power bus architecture for 
the EVs.  
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Fig. 6. Decentralised Control Architecture 
 
3.2. Proposed Architecture 
 
Based on the lack of interconnection between the systems and separate decision-making process, the new connectivity 
and energy management system was developed. New system is based on the centre controller with the fuzzy logic to 
operate with the required systems. The centralised unit is represented as a single interface device with the multimedia 
screen for the interaction with the driver. The difference is, that the signals and request are being analysed inside the 
controller based on the state of charge of the ESS system and the importance of the request. The centralised controlled 
may be included into the drivetrain control partially due to the connections with the safety systems. The unite nature of 
the ESS systems makes this solution favourable in comparison with the decentralised basic approach.  
Such systems is similar to the centralised energy management systems for the microgrids but for vehicular applications. 
Such application provides up to 15% energy savings in comparison with the decentralised management. The connectivity 
between the systems increases as the controller operates directly with the necessary units of the systems, not with the 
management systems. At the same time, the controller creates the immediate power consumption requirement base on the 
road conditions and driver’s requests. Developed system also provides possibility to use the generated energy from the 
drivetrain more effectively, as the unite controller has the information about the power request from the different devices 
and can operates with the provided power more effectively to decrease the load on the ESS during recharging process for 
regenerative braking.  
Figure 7 represents the proposed architecture.  
 
 
Fig. 7. Centralised Control Architecture 
 
 
4. FUZZY LOGIC CONTROL STRATEGY 
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Due to its capabilities for multi-objective functions, Fuzzy logic is one of the prevalent control strategies applied in many 
technical and engineering applications. This method provides faster results compared to other Artificial Intelligent control 
methods such as Genetic Algorithm and Neural Networks. One of the main advantage of this method is its independency 
from the exact mathematical modelling and technical details of the system on which the controller is applied [20, 21].  
The basis of fuzzy login controller are the non-numeric and linguistic quantities which are valued between merely false 
and merely truth. The operation of this method   compromise three different steps known as fuzzification, rule inference 
and defuzzification which have been sown in Figure 8. The three main stages in the fuzzy logic process are describe as 
below: 
 
 
Fig. 8. Fuzzy logic controller block diagram 
 
4.1. Fuzzificztion 
 
The main purpose of fuzzification is to convert the crisp values of input variables which have been previously defined by 
the designer into the linguistic values. Therefore, this step will fuzzily the input variables, using the membership functions. 
There are different types of membership functions, however, the triangular type which is one of the most common type 
is employed here, as shown in Figure 9. The graphs shown in this figure refer negative big, negative small, zero error, 
positive small, and positive big, respectively [22, 23]. 
 
Fig. 9. Membership functions 
 
4.2. Rule Inference 
 
This stage is designed to control the output variables according to the inference engine. The inference engine applies rules 
to the membership functions using the rule base table as shown in Table. These rules are designed based on If-Then 
concept and requires designer knowledge. 
 
Table 1. Rules inference table 
∆E 
E 
NB NS Z PS PB 
NB ZE ZE NB NB NB 
NS ZE ZE NS NS NS 
Z NS ZE ZE ZE PS 
PS PS PS PD ZE ZE 
PB PB PB PB ZE ZE 
 
 
4.3. Defuzzification 
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Defuzzification step will convert the linguistics values obtain in previous steps into the numerical values by which the 
command signal can be realised by actuators. These membership functions are similar to those applied in fuzzification 
step; but the range of them might be different the designer knowledge and system requirements [24, 25]. 
 
5. CONCLUSION 
This paper presented a new approach for the energy management systems in the EVs based on the centralised controller 
and the deep understanding of the load profile for the various vehicular systems. New approach provided energy saving 
of up to 15% in comparison with the conventional decentralised energy consumption strategy together with the increases 
in the usability for the users. Fuzzy logic was implemented in the controller due to the stochastic nature of the energy 
usage in EVs.  
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Abstract—The power electronic components within Electric 
Vehicles (EV) need to operate in several important modes. Some 
modes directly influence safety, while others influence vehicle 
performance. Given the variety of functions and operational modes 
required of the power electronics, it needs to meet efficiency 
requirements to minimize power losses. Another challenge in the 
control and construction of such systems is the ability to support 
bidirectional power flow. This paper considers the construction, 
operation and feasibility of available converters for electric vehicles 
with feasible configurations of electrical buses and loads. This paper 
describes logic and control signals for the converters for different 
operations conditions based on the efficiency and energy usage bases. 
 
Keywords—Electric Vehicles, Electrical Machines Control, 
Power Electronics, Powerflow Regulations. .  
I. INTRODUCTION 
 
OWER electronic components play an essential role in the 
operation of Electric Vehicles (EV). The operation of the 
Energy Storage System (ESS) and other components and 
systems rely on converters and inverters characteristics of which 
depend on the systems’ interactions and power requirements [1], 
[2].  
EV power busses comprise separate buses depending on 
voltage level and power flow requirement. The high voltage bus 
connects and services systems with high peak power and energy 
consumption. These systems include drivetrain components, 
climate control system and the main energy storage system. 
Other systems, such as media devices, safety components, 
comfort systems and lights are connected to a low voltage bus 
with a peak voltage of 12V DC. The 12DC voltage level allows 
use of electrical components from conventional vehicles [3], [4].  
Due to the different nature and power levels of the different 
buses, interconnection between different EV systems is 
minimal. The high voltage bus has bidirectional working 
environment and has continuous energy flow between the ESS 
and electric drive motor. The powertrain converter and 
controller needs to be able to handle this powerflow with 
requested power level in both directions, to be able to adapt to 
the external load on the powertrain and to the State of Charge 
(SoC) of the ESS. In addition the converter and controller needs 
to operate at high efficiency. The bidirectional nature of the high 
voltage power flow corresponds to the modes of the powertrain. 
One mode is where energy is supplied to the electric motor to 
rotate the wheels for torque and acceleration. In this mode 
energy comes from the ESS through the converter according to 
the speed-load requirements. The opposing mode of the 
powertrain is the regenerative mode where the motor is working 
as a generator to supply power back to the ESS for recharging 
[3], [5], [6].  
 
Fig. 1 EV Electrical System Architecture 
Another converter operates between the two buses. This 
converter is single directional and operates as a step down 
converter to supply 12V DC from the high voltage ESS. The 
reverse direction of the power for this converter is prohibited 
by a diode bridge so as to prevent current leakage from the 
12V battery to the high voltage bus. Existing converter 
configurations follow the same rules, where a buck converter 
connects the low voltage battery to the main ESS and the low  
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voltage bus is connected only to the battery. As a result, only 
one reference signal is required for the correct operation. For 
such construction this is a SoC of the battery. Systems and 
components, and their energy usage has little influence on the 
operation of the high voltage bus as all energy comes from the 
battery as shown in Fig. 1.  
Such systems have low efficiency in energy conversion, 
seeing as energy which is stored in the high voltage energy 
system needs to be converted to charging energy for the low 
voltage battery and then this battery is powering the entire 12V 
systems. The main advantage of this approach is to use a single 
channel for the control signal. The SoC of the low voltage 
battery is the main feedback signal for the converter, and the 
control algorithm uses this signal to support required SoC level 
for all conditions [7], [8].  
Another power electronic system in EVs is the voltage energy 
storage system. Modern storage systems consist mainly of Li-
Ion or NiMH batteries with several cells to provide the required 
voltage and current. This system requires a suitable control 
algorithm for balancing the power flow in all cells of the battery. 
Other ESSs consist of other elements for energy storage such as 
ultra-capacitors and hydrogen fuel cells. To use these, additional 
converters are required to balance characteristics and SoC of the 
components. To achieve effective power flow and high 
efficiency, the converter between the powertrain and ESS needs 
operation conditions where both the ESS and powertrain are 
operating with the highest possible efficiency to provide energy 
supply and safety for the occupants in all sorts of environment. 
Given that capacitors provide high power density, for electric 
motors operating in generation mode with high braking torque, 
the energy generated should be stored in the capacitor rather than 
the batteries because of the different power charging 
characteristics of the elements.  
This paper aims to classify converters in EVs based on their 
operational principals and power requirements. The paper also 
describes the requirements of the converters and the influence of 
different electric bus designs to the efficiency of EVs. There are 
different approaches to the electric drive configuration and 
operation, so different drivetrain configurations have been 
selected and discussed. In addition, the layout of electric loads 
are taken into account, and energy consumption of the systems 
and the influence of their operation on the overall performance 
of the vehicle discussed.  
I. DC-BASED DRIVETRAIN CONVERTERS 
Drivetrain converters connect a EVs drive motors to the ESS. 
These power electronic converters operate continuously and 
mostly provide power for the high power load. Such converters 
need to be able to achieve reasonable performance due to 
required vehicular acceleration.  
In contrast to conventional internal combustion powered 
vehicles, given their EV drivetrain characteristics, gearboxes are 
not an essential part of the system. High torque at low speed, 
flexibility in operational speeds, combined with high efficiency 
are the main advantages of electric motors.  
The drivetrain torque and speed change as the load 
increases during the acceleration period. To obtain loading 
forces and the required power, expressions (1-5) can be used  
𝑇𝑚 = 𝐹𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑟𝑤ℎ𝑒𝑒𝑙𝑠 + 𝐼𝜀    
 (1) 
Where 
𝜀 =
𝑎𝑣𝑒ℎ𝑖𝑐𝑙𝑒
𝑟𝑤ℎ𝑒𝑒𝑙𝑠
                                         (2) 
𝐹𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝐹𝑟𝑜𝑎𝑑 + 𝐹𝑎𝑖𝑟              (3) 
𝐹𝑎𝑖𝑟 = 0.5𝐶𝑥𝜌𝐴𝑉2                       (4) 
𝐹𝑟𝑜𝑎𝑑 = 𝜑 ∗ 𝑚𝑔 ∗ (1 + 𝑉)                        (5) 
 
and Tm is the required torque of the motor, rwheels the radius of 
the wheels, I the moment of inertia of the rolling system’s 
wheels, transmission, shaft of the motor, avehicle the acceleration 
of the vehicle, Cx the drag resistance coefficient, ρ the air 
density, A the area of the vehicle in the direction of acceleration, 
V the velocity, φ the rolling resistance coefficient, m the mass 
of the vehicle, and g the gravity constant. After considering all 
variables, the torque required to overcome all resistive forces 
and to provide acceleration, will require the acceleration to be 
higher than the resistive line, as seen in Fig 2. Fig 2 is based on 
a model of a medium sized vehicle (1500kg) with Cx=0.28 and 
1.5x1.8m.  
 
 
Fig. 2 Resistive Torque Behavior 
The powertrain is supposed to provide the possibility to 
provide the requested performance in terms of variable speed 
and requested torque. Acceleration, as a main measurement of 
performance, cannot be constant due to the steadily increasing 
resistive torque which increases with the speed of the vehicle. 
Normally the highest acceleration is possible in the low speed 
region when resistance is low and greater generated torque can 
be used for acceleration.  
Common drivetrains for EVs consist of either Permanent 
Magnet DC (PMDC) or AC Induction motors. Converters 
between the motor and battery can be considered as similar to 
the throttle of an Internal Combustion Engine. The operating 
point should, if possible provide increasing speed together with 
increasing motor torque. Increasing torque will provide 
additional acceleration performance for the vehicle, as all extra 
torque will transfer into acceleration [9].  
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During acceleration, the electric drivetrain operates in the first 
quadrant and electric machine is converting electrical energy 
from the ESS into mechanical energy moving the vehicle. The 
main inputs for this mode are the accelerator pedal position, 
speed of the vehicle, and wheel slip. Acceleration performance 
is not only limited by the torque provided to the power train, but 
also by friction of the wheels as all torque of the motor is 
converted into movement through the connection between 
wheels and driving surface. The converter between the ESS and 
DC motor can be based on several devices, such as MOSFETs 
or IGBTs. Due to advantages in efficiency and cost, IGBT based 
DC-DC converters are more commonly used for this application 
[1], [10].  
As EV should be able to move forward and backwards, 
converters should be able to rotate magnetic flux in different 
directions. For this purpose, a four quadrant IGBT-based 
converter is better suited than a buck chopper, as a chopper 
consist of four IGBTs connected in pairs, as shown in Fig 3.  
M
Q1 Q2
Q3 Q4
 
Fig. 3 Four-Quadrant Chopper  
The control signal operates with all four IGBTs using a high 
frequency PWM signal. The frequency is dependent on 
configuration of the components, such as the required capacitor 
and inductor which increase efficiency of the circuit and 
decrease losses. The PWM signal controls the duty cycle of the 
IGBTs and allows the output voltage to the motor to be 
controlled. Increasing voltage achieves increasing operational 
speed of the DC motor (6). Signals to the IGBTs should 
simultaneously complement each other. For example, for 
movement forward, Q1 and Q4 should operate with the same 
duty cycle to prevent faults, where Q3 and Q2 are switched off, 
as power is not going through them. For reverse operation, it is 
possible to switch the polarity of the machine, where Q2 and Q3 
operate as supplying switches for the machine. Duty cycle 
duration for acceleration acts similar to the throttle of an Internal 
Combustion Engine. The longer the duty cycle, the higher level 
of voltage supplied to the motor and, as a result, the higher the 
speed of rotation.  
𝑁 = 𝑘𝑛(𝑉𝑚 − 𝑅𝑚 𝐼𝑎)/Ø                              (6) 
where n is the motor speed, kn the speed equation constant, Vm 
the input DC voltage, Rm the armature resistance, Ia the 
armature current, and Ø the magnetic flux.  
The four IGBT provide changing polarity and, as a result, 
changing magnetic flux in the windings, generation mode can be 
performed using this feature of the chopper. In this case the 
motor will operate as a generator, as main rotation will be 
supplied by inertia of the vehicle and generator will apply 
braking torque, as rotation and magnetic flux will have opposite 
directions. In terms of switch operation, for forward generation 
mode, operational switches are Q2 and Q3 and Q1 and Q4 for 
reverse movements. The output voltage of the converter is 
represented in Fig 4. The operation of the converter lies between 
0 to 100% of the duty cycle, where 0% is a signal fully closed at 
Q1 and Q4 where Q2 and Q3 are fully opened. This curve was 
obtained from the experimental setup within the School of 
Engineering, Deakin University, comprising a PMDC 0.3kW 
motor, PWM controlled IGBT four quadrant converter with a 
switching frequency of 20 kHz based on the characteristics of 
the smoothing components. Testing speed and loads to dissipate 
created power were kept at the same level to see pure influence 
of the controlling signals for the converter. According to the 
proposed experimental setup, maximum voltages were obtained 
for the duty cycles of 0 and 100, but with switched polarities, as 
it was planned in the theoretical discussion.  
 
Fig. 4 Converter Output Voltage 
During the braking process the most important characteristics 
is braking torque, as it slows down the vehicle. Also, all this 
torque should be able to transfer through the tires and road 
surface, and therefore should not be greater. At the same time, 
during braking process, rotational speed is decreasing steadily 
as wheels are connected with rotor of the motor directly. DC 
generators have characteristics to decrease generated voltage 
level with the decreasing rotational speed. In these terms, 
generated voltage is important as this voltage is supposed to 
supply generated energy into ESS and their energy should be 
rated on the higher voltage, than the battery or other 
component of the ESS according to its characteristics, as 
shown on Fig 5, for LI-Ion battery and in Fig 6, for super 
capacitor systems.  The converter is keeping voltage level on 
the certain level, where possible. Charging current affects 
braking torque and this influence should be considered in 
control signal for a converter.  
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Fig. 5 Charging Characteristics of Li-Ion Battery [11] 
  
Fig. 6 Charging characteristics of Capacitors 
I. AC-BASED DRIVETRAIN CONVERTERS 
Induction Squirrel Cage induction motors are the most 
commonly used drivetrains for electric transport applications 
due to their low cost and high energy efficiency, in comparison 
with brushless DC machines. One of the main problem for such 
systems is the requirement of the continuous supply of the AC 
power when all ESS system supply DC current. This applies 
some limitation on the design of the converter, as for this system 
converter supposed to supply AC current and it plays a role of 
inverter. Another requirement is bidirectional operational 
principal for recuperative braking process.  
Operational principals of induction motors and controlling 
algorithms are different from the DC motor. DC motors response 
to the voltage changes where induction AC motors are 
controlled through the AC current frequency regulation. For this 
working conditions, it is possible to use IGBT based inverters, 
as it provides different frequency from the single DC bus 
voltage. Such converter consists of three pairs of IGBTs in 
parallel with diodes, Fig. 7. Controlling signal consists of 
complimentary command for each IGBT, as all of them are 
operating at the same time, in comparison with four quadrant 
chopper control [12]. 
To calculate synchronous operational speed of the induction 
brushless AC motor, (7) can be used 
 
𝑛 = 120𝑓/𝑝 − 𝑠                              (7) 
 
where n is the output speed of motor, f the frequency of the 
supplied AC power, p the number of poles of the motor, s the 
slip of the motor, which is reducing output speed according to 
the loaded torque and can’t be avoided.  
For AC based powertrain, smoothing inductor and powerful 
capacitor are necessary parts of the inverter construction. The 
main reason for installing these elements is for smoothing out 
the fluctuation in DC voltage output, when the motor is 
operating as a generator and AC power flow is generated by the 
generator and transferred to the ESS. In addition, due to the 
frequency fluctuation in the controlling signal, according to the 
speed and torque requests from the driver, duty cycle, as a main 
controlling signal for IGBTs, fluctuates during the time to 
supply required input power.  
Q1 Q2
Q3 Q4
Q3
Q5
M
 
Fig. 7 Inverter Design for AC Induction Motor Operation 
In comparison with controlling algorithms for industrial 
induction motors, the EV application requires different 
approaches in controlling principals, as most of the industrial 
induction machines operate with the constant speed and 
changing torque environment. For EV this option is not ideal as 
additional transmission system, such as gearbox, is required to 
control output speed of the motor with such control functions. 
These mechanical systems increase the cost of the powertrain 
system and decrease efficiency and increase energy 
consumption, which leads to the lower distance range on one 
charge.  
Difference between DC and AC operation for drivetrain 
application in EVs is fundamental. When looking at DC 
powertrain operations, it is possible to get good output 
characteristics with supplying constant duty cycles of the several 
IGBT switches. Whereas For AC control, frequency regulation 
is required for complimentary six independent IGBTs, through 
changing duty cycle of switches, it is possible to obtain changes 
in frequency of the output current and voltage and, as a result, in 
the rotational speed of the motor.  
Generation control of induction motor is also based on the 
frequency regulation of the AC power on the motor side of the 
inverter. Induction motor is operating as a generator, when shaft 
speed is higher than the synchronous speed of the machine, 
calculated with (7). The higher the difference is, higher braking 
torque can be achieved and higher generation energy is 
supplying through the converter to the ESS and high voltage bus. 
II. LOW VOLTAGE BUS SUPPLYING CONVERTERS 
In comparison with supplying power to the powertrain, low 
voltage buses have pure electrical nature of powerflow. The 
main challenge of this bus is low predictability of the energy 
usage from the systems, which are operating within this bus, 
as their usage is dependent on the driver’s behavior in terms of  
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using of  features and external conditions, such as weather or 
time of the day [13].  
Changing of the energy consumption of this bus have 
influences on the voltage level similar to the power grid 
operations. As this bus is operating within certain voltage range, 
converter should supply exact level of voltage and provide 
possibility to regulate power flow to compensate voltage drop 
when voltage of the bus level decreases due to the high energy 
demand.  
In Conventional design, converters connecting ESS 
consisting of low voltage battery, follow the logic of supporting 
the programmed SoC of the low voltage power source and all 
features are interacting directly with it. An approach, which is 
proposed in this article, will allow to control the power 
consumption through the voltage monitoring and supplying 
required amount of energy through converter without charging 
the additional battery. This approach provides opportunity of the 
fast response within the required range of the loads and also 
increase efficiency of the overall systems. 
Low voltage battery is required in this construction to add 
electrical inertia in the system for providing faster response and 
supplying important safety components, as most of the passive 
safety components, such as airbags and strain sensors, operate 
within low voltage to decrease cost of transition from the 
conventional vehicles.  
Another additional proposed system is a second converter to 
supply 12V DC energy. This converter can operate as a single 
buck converter and supply energy from the motor, when it is 
operating as a generator for recuperative to the braking process.  
This converter covers two functions at the same time. First 
function is to supply energy during the braking process to 
backup battery, supply load without discharging the battery and 
increasing the energy outcome from the generator, as not all of 
the energy generated is able to be stored in the ESS system or 
dissipate through the power consumed, like in the HVAC 
system. 
The proposed system requires two separate converters with 
difference logic of control for each of them. The first controller 
has the same output voltage and is working as a charger for low 
voltage battery and transferring energy from the main ESS. 
Construction can be applied as a simple one directional DC buck 
chopper with relatively low power rating, as shown in Fig. 8. In 
Fig. 8, the controlling signal is coming from the SoC of the 
battery and when the signal is dropping below the several preset 
levels and the main ESS has enough energy, this first converter 
is pumping energy from the high voltage bus into the battery. 
Another working mode for this converter is network charging of 
the EV. During night charging, when energy is stored into the 
main battery, this converter is supplied with energy from the 
battery. As a low battery can be discharged through the leakage 
of the energy into the main high voltage bus, this converter will 
have single direction of energy flow.  
Q1
High Voltage Side Low Voltage Side
 
Fig. 8 Low Voltage Battery Charging Converter 
Second converter proposed in this design scheme is operating 
in between drive motor and low voltage appliances, such as 
lights, safety systems and media system of the vehicle. In 
comparison with battery charging buck converter, which is 
operating based on the SoC of the battery and ESS, this 
converter has more variables, as it is providing all required 
power for the appliances and it should react to the changing of 
the amount of loads it is supplying. Also, it should react on the 
SoC of the main ESS and mode of the drivetrain. 
In order to increase efficiency of the recuperative braking, the 
converter acts as a load for the generator and through energy 
consumption it has influence on the braking torque. As a result 
of this influence, this converter should get controlling signal 
from not only appliances control unit, but also from the ABS 
control system, as ABS system is operating with the braking 
torque of the drivetrain.  
Power fluctuations are the normal working conditions for this 
converter. To prevent shocking modes, in the bus line design, 
this converter is following the bidirectional converter for the 
drivetrain, as shown in Fig. 9.  
Fig. 9 Proposed Architecture  
As all appliances are working with low voltage DC, an 
additional converter is supplying DC energy and due to the 
proposed position of this converter, input voltage is also DC, as 
it is coming from the high voltage DC bus.  
 217 
  
 
 
 
Peak power requirements are not as high, as main 
bidirectional converter is providing the required power, but this 
requirement is higher than for the charging buck chopper 
battery. All appliances in the low voltage bus have total power 
consumption of approximate 8 kW when all of them are in use. 
As not all of them are being used continuously, for example seats 
heaters or windows lifting systems, the converter adjusts output 
power. Also, some lights are not working during whole time of 
the operation, for example stop lights are only working during 
the braking process. To improve the performance of the 
converter, it is a possibility to unite onboard systems in the single 
central controlling unit. For effective interactions with drivers, 
this controlling system can interact as a single board with all 
controllers and switches on it. Such systems are available for a 
long time in automotive, but in EV applications such systems 
will have higher influence on the performance and usability 
through smart control and power consumption prediction and 
control.  
I. CONCLUSION AND WORK IN PROGRESS.  
This paper highlighted converters for EV application for 
different design approaches and drivetrain configurations. Also, 
different working modes and converters operations were 
highlighted and the supply required in the operations of the 
PMDC motors and induction DC drive motors were discussed. 
The new proposed controlling design is aimed to unite two 
relatively separate buses in conventional EV architectures- high 
and low voltage buses with an additional converter. This 
converter will give allow support not only to low voltage 
appliances directly from the high voltage side of the electrical 
architecture but additionally increase efficiency and 
controllability of the regenerative braking process, as controlling 
units will have more ways to dissipate generated power, as it can 
be used for supplying loads in the low voltage bus. Another 
application of such converters can be smart control of the usage 
of the power as it can react directly to the request. In the 
proposed circuit, a low voltage battery is working as an 
additional unit to increase the inertia of the whole low voltage 
bus and supply safety systems with reduction in possible faults. 
Energy efficiency of the proposed system is higher, as an 
additional converter is not storing energy in the battery, like in 
the traditional EV architecture. In addition cost efficiency as one 
of the key elements, as it is not an issue due to the dc-dc single 
direction nature of additional converters.  
Current research activities are focused on developing an 
efficient logic algorithm for smart energy consumption systems 
for EV and operational logic for converters as a main parts of 
the systems. Smart grid and micro grid principals of the energy 
management are the foundation for the developing the 
algorithms.  
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Abstract — Controlling the motor in EVs can be considered as 
two separate processes based on the operating mode of the 
powertrain - acceleration mode and braking mode. Motor mode is 
applicable to the acceleration of the vehicle and constant vehicle 
driving velocity. The generation mode of the electric motordrive in 
EVs has a significant influence on the performance and efficiency 
of the vehicle. During the braking process, the electric motor is 
switching into generation mode and applies braking torque to the 
wheels. This mode influences vehicle safety as it is applying 
additional braking torque. This paper presents detail of a four-
quadrant converter in cooperation with a permanent magnet DC 
motor for electric vehicle application, and its regulation principals 
and logic operations, which are necessary for the energy efficient 
operation of the drivetrain of the EV. All findings and analysis are 
based on the both simulation and experimental data.  
I. INTRODUCTION 
Permanent Magnet DC (PMDC) motors are one of the two 
common types of electric machines used in the powertrain of 
the electric vehicles (EV).  PMDC motors are commonly used 
as wheel hub motors [1, 2]. Simplicity in control, and high 
efficiency and reliability across a large range of mechanical 
loading conditions have made PMDC motors a popular option 
for the powertrain of EVs. Wheel hub PMDC motors provide 
the possibility to decrease the complexity and space required in 
power transmission, which is valuable given that there is often 
limited space for a gearbox between the drive motor and 
wheels. This combined with the smooth output characteristics 
of PMDC motors provides benefits over AC induction motors 
[3, 4]. 
Another benefit of utilising a PMDC motor in the EV 
powertrain is the nature of DC powerflow. The main energy 
provider in the EV is the Energy Storage System (ESS), which 
is mainly comprised of DC based elements, such as batteries or 
hydrogen fuel cells. As a result, using DC motors relates to less 
energy loss in the power electronic devices, ultimately 
contributing to overall higher efficiency  [5]. 
The regulation of PMDC motors in EVs can be considered 
as two separate processes based on the operational modes of the 
powertrain. These operational modes, are the acceleration and 
braking modes. The acceleration mode considers the inputs for 
both achieving acceleration and constant velocity of the vehicle. 
The output performance of PMDC motors is suitable for 
effective operation across a wide range of working speeds, 
however requires assessment of speed and torque requirements 
and power electronic devices to provide the necessary power by 
connecting the motor to the ESS. The acceleration mode needs 
to be capable of running the motor in both directions for 
forward and backward driving [6]. 
The second operational mode is the braking mode, where 
the motor applies braking torque and acts as an electrical 
generator. The braking mode is one of the key elements of the 
high overall efficiency of electric powered transport. In braking 
mode power electronic devices should work together with the 
control unit to control the braking torque of the motor, and also 
the ability to switch between acceleration mode and braking 
mode quickly. Also, in contrast to the acceleration mode, the 
generation process requires reverse power flow between the 
ESS and the PMDC motor. This is because magnetic flux in the 
motor needs to apply negative torque to the wheels and energy 
needs to flow in the reverse direction from the motor to the ESS. 
Another issue with regenerative braking is the peak power level 
where braking torque, occurs over a relatively short period of 
time, resulting in high energy dissipation. For normal road 
conditions this time may vary from as little as 0.5 seconds for 
low speed braking, to up to 10 seconds for high speed and 
normal braking conditions. Over this short period of time, the 
power electronic devices need to transfer all possible power 
from the motor-generator to the ESS, or alternatively to the 
EV’s DC bus to be dissipated by on board electric systems. The 
state of charge of the ESS can be a critical issue for the 
generation of torque, as it influences current which affects 
magnetic flux and braking torque of the generator [7]. 
As a result, the main connection device between the PMDC 
motor-generator and the ESS is a power electronic-based 
converter able to support bidirectional powerflow, similar to 
microgrid devices. The powertain of EVs is controlled by 
algorithms and operational logic managed by a centralised 
control system. Researchers have discussed different control 
strategies for energy recuperation [8-10]. Most of the control 
algorithms focusing on this problem follow the same 
philosophy, where the state of charge of the ESS system, 
control signals for the power electronic control unit, and 
maximisation of the generated energy are the main priority and 
vehicle stability during braking process is normally not 
considered.    
This article describes a new approach to the control of 
PMDC motors for EVs which aims to increase operational 
efficiency. The approach includes the details of the design and 
operation of complex hardware, power electronic design, and 
control algorithms and logic for different loading conditions. 
Simulated and experimental results supporting the approach are 
presented and discussed.  
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I. OPERATING ENVIRONMENT  
Characterising the operating environment is an essential part 
of the design of the powertrain. The system needs to operate 
safely and adequately within the required range of velocities 
and torques, and prediction of the working conditions has 
significant impact on the tuning and training of t control 
algorithm. The main benchmarks for the operating environment 
are the required braking capabilities and acceleration 
performance of the electrical drivetrain.  
In acceleration mode, the motor supplies the EVs wheels 
with the mechanical power and torque required to overcome 
resistive forces and keep maintain a constant velocity or to 
accelerate the vehicle by a requested amount. This mode of 
operation is also responsible for initiating the vehicle’s 
movement from a stationary state. 
Given the nature of vehicle operation, acceleration mode is 
used for most of EV movements. In acceleration mode energy 
flows from the ESS to the motor as dictated by the implemented 
power electronic devices. In this mode, magnetic flux and 
rotation are in the same direction.  
The operating environment can be represented by torque and 
power balances. In this paper, a mid-sized 1500kg vehicle was 
specified, and Fig. 1 shows the torque and power balances for 
the vehicle. 
 
 
Fig. 1. Torque and Power Balances 
Solid lines represent torque balance and dotted lines represent power 
balance. Orange solid and yellow dotted lines show the output speed 
characteristics of the PMDC Motor where grey dotted line presents the 
required power and blue solid line shows the required torque.   
 
The vehicle’s maximum speed can be obtained from Fig. 1 
as the crossing point of the torque and power lines. This point 
represents the extreme situation, where the output power and 
torque of the motor is only just enough to maintain constant 
velocity. After reduction through the main gear, all of the torque 
from the motor, is applied to the wheels and should be released 
by the grip forces of the tires. Grip forces can be calculated by 
the following expression. 
Ftr=µFv       
     (1) 
where Ftr is the traction force on the wheels, Fv is the vertical 
force on each independent wheel, and µ is the adhesion 
coefficient for a tire-road couple. 
   The adhesion coefficient plays an important role in the 
performance of the vehicle, and it may vary depending on road 
conditions and the slip of the tires. An example of the nonlinear 
behaviour of the adhesion coefficient for a tarmac road is shown 
in Fig. 2.  
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Fig. 2. Adhesion Coefficient on a Tarmac Road 
 
To prevent uncertainty and energy loss during acceleration, 
it is possible to implement traction control for EVs, and this can 
be built into the power electronic control circuit. Such a system 
needs to maintain traction across the largest adhesion 
coefficient range for the vehicles tires by regulating the torque 
and speed of the motor.  
Braking mode is applicable for a shorter time than 
acceleration mode, and has power flow in the opposite 
direction. The main challenge in braking mode is transferring 
the required amount of power over a very short amount of time. 
At the same time, the applied braking torque should follow the 
same logic as the traction control used in acceleration mode, 
where the traction needs to be maintained across the largest 
adhesion coefficient range for the vehicles tires to achieve the 
shortest braking distance while maintaining stability. The 
braking process should also operate in association with the 
EV’s hydraulic braking system and Anti-Lock Braking System 
(ABS) controller. 
II. ELECTRIC BUS AND POWER ELECTRONICS DESIGN  
The design of the EV depends on motor type, and ESS 
components. In the developed design, power electronic devices 
operate as connectors and interface between the powertrain 
systems and the energy supply. As a typical EV has different 
systems with individual voltage and power supply 
requirements, all systems are combined into two separate bus 
lines with different voltage levels. The first is low voltage bus 
line where most of the systems are powered from. This bus line 
was transferred from conventional vehicles and operated at the 
12-14V DC level. The second is the high voltage bus which can 
operate at up to 800V DC. The high voltage bus is designed for 
powertrain control and operation only, and is connected directly 
connected to the high voltage ESS.  
The converter operates as a motor controller and is part of the 
high voltage bus. The designed converter should provide the 
possibility for operation in all four quadrants, as depicted by 
Fig. 3. 
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Fig. 3. The four Quadrants of DC Motor Operations [7] 
 
Modern power electronic converters for the high voltage bus 
of EVs use various types the DC/DC buck/boost converters. 
Most are based on PWM controlled IGBT/MOSFETs or 
thyristors. Given the efficiency and controllability of IGBTs, 
these have become the most common for DC motor control. 
In this paper a four quadrant IGBT-based converter is 
proposed. The main components for the drive controller are 
four IGBTs connected in parallel with power diodes for 
protection. Such a converter requires additional internal 
capacitance and inductance to compensate for fluctuation of the 
voltage and to smooth the output. The required capacitance and 
inductance can be determined based on the operational 
frequency and powerflow of the designed converter. The 
complete proposed converter design is presented in Fig. 4.  
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Fig. 4. Proposed Converter Design 
 
The control signal for this converter can be represented by 
the duty cycle of the Q1/Q4 IGBT pair (see Fig. 4). A duty cycle 
of 0 represents a signal to allow the maximum amount of 
current to flow through the IGBT, and a duty cycle of 1 is to 
prevent any current from flowing through the IGBT. These 
IGBTs operate in the 1st and 4th quadrants (See Fig. 3.) 
providing forward acceleration and backwards braking mode. 
IGBTs Q2 and Q3 are operate for the opposite processes. 
Signals for the individual switch according to the working 
quadrant switches can be represented in Table 1. 
 
 
 
 
TABLE 1 
CONTROL SWITCHING ZONES FOR IGBTS 
IGBT 
Number 
Quadrant 1 Quadrant 2 Quadrant 3 Quadrant 4 
Q1 0-0.5 0.5-1 0.5-1 0-0.5 
Q2 0.5-1 0-0.5 0-0.5 0.5-1 
Q3 0.5-1 0-0.5 0-0.5 0.5-1 
Q4 0-0.5 0.5-1 0.5-1 0-0.5 
Movement Forward Forward Reverse Reverse 
The discussed testing was performed with a PMDC motor 
with a peak power of 175W and an IGBT based four-quadrant 
inverter. This motor was deemed applicable for testing in 
relation to EV applications because of its characteristics and 
compatibility with the motor drives making it similar enough to 
real time loading conditions to loads for EV. 
I. ACCELERATION MODE OPERATIONS 
 As discussed in the previous section, the EV mainly 
operates in acceleration mode. This mode combines 
acceleration process and constant speed operations. Motor 
output torque and power are the main characteristics of the 
drivetrain for this mode. Constant speed operation is not 
following by the constant torque, due to the unstable road 
conditions with the downhill and uphill driving. Such 
conditions can increase the required torque, for example during 
the uphill movement, or decrease it, during downhill run. 
 The input signals for acceleration are the requests for 
the required speed and acceleration. These signals originate 
from the driver through depression of the acceleration pedal.  
The accelerator pedal in modern vehicles utilises an 
electromagnetic sensor to detect its position and rate of change 
(i.e. pedal velocity). In some cases, the cruise control system 
may provide the signal representing the requested acceleration. 
Fig. 5 depicts the control diagram for the acceleration mode.  
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Fig. 5. Acceleration Mode Control Diagram 
 
 The controller receives this signal and converts this to 
a Pulse Width Modulation (PWM) signal, which is then used to 
send to the IGBT converter. Fig. 6 shows the relation between 
the output speed of the PMDC motor and the applied duty cycle 
of the Q1.  
  As it was predicted, the operating 
environment for the acceleration modes is IGBT Q1 duty 
cycle from 0 up to 0.5 for  
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forward movement. After the duty cycle increases from 0.5 the 
output polarity of the converter will reverse and change the 
direction of the motor’s rotation. This range, as it was 
simulated, is applicable for the reverse movement. Speed 
steadily increases from a duty cycle of 0.5 until a duty cycle of 
0, as the voltage increases between the output points of the 
converter as IGBT Q1 conducts for a longer amount of time.   
 
 
Fig. 6. Speed-Duty Cycle Characteristics 
 
 The efficiency of the  powertrain and its elements is 
another key consideration with regards to energy usage of the 
whole EV. The efficiency of the powertrain system can be 
calculated in different ways but the overall efficiency of the 
drivetrain can be calculated as follows 
ηsyst=ηconverter*ηmotor*ηgearbox     
  (2) 
 
where ηsyst is the cumulative efficiency of the system, which is 
calculated through the efficiency of the standalone components, 
such as converter, motor and gearbox. As (2) represents, each 
element of the system has an influence on the overall system 
performance. Based on this, maximum efficiency region should 
be targeted.  
 The gearbox, given that it is a mechanical element 
normally has a constant value between 0.92-0.95. The 
efficiency of the converter however is not a constant value and 
varies with duty cycle as depicted by Fig. 7.  
 
Fig. 7. Output Converter Efficiency for Acceleration Mode 
 
 As Figure 7 shows, the minimum efficiency is 
achieved within the duty cycle  form 0.4 till 0.6.This region is 
characterised as the region for the low speed movement with 
the low resistance torque.  Acceleration of the EV with PMDC 
can be achieved through the further duty cycle adjustments. To 
provide required aceeleration performance, controller signal is 
analysing both the aceeleration pedal position together and the 
position changing signals. This variables provide all necessary 
information to obtain the required performance. At the same 
time,  acceleration of the vehicle is  the difference between 
provided resistive torque. The higher this difference is, the 
better aceeleration can be achieved. To organise such 
operational environment, duty cycle request for the converter 
should be higher, than the basic duty cycle for the current 
vehicle speed. For example, when the duty cycle is equal to 0.4 
which provides rotational speed of the motor around 200 
rev/min for constant speed conditions, supplyed duty cycle of 
0.35, which for constant speed  conditions provides  operational 
speed of 450 rev/min, creates environment for the torque, which 
is higher than the resistive torque of the current speed. Such 
situation provides aceelration of the vehicle. As the result, the 
highe the difference between duty cycles is, the higher 
acceleration of the vehicle can be achived due to the higher 
torque difference. Also, for the high speed operations when 
resistive torque is relatively high, possible provided 
aceeleration is less, as the remain region for the duty cycle 
adjustments is lower than for the low speed.  
 There are two limitation for acceleration process. First 
acceleration is the tyres friction forces. Another limitation is the 
currentl livel of the power electronics components. Fig. 8 shows 
possibility of the acceleration toprque control with the constant 
speed and current level character of this process. During the 
testing procedure, current was limited to 2,0 A and speed was 
fixed to the basic speed for 0.87 duty cycle for the converter to 
obtain high speed and high torque regulation for the testing 
conditions.  
 
Fig. 8. Current and Torque Regulation with Constant Speed Operation 
  
 
 Based on results of simulations and testing, 
controlling algorythm was developed. As it was showed, there 
are three sets of inputs signals. Basic signal is coming from 
the car velocity request devices, such as acceleration pedal 
position or cruise control signal. Based on this requsets,  basic 
duty cycle signal for the converter can be obtained using the 
Fig. 6. Curve as a reference. Next two signals for the system 
control are coming from the acceleration pedal position 
changing signal and wheel speed signal. Acceleration Pedal 
velocity is providing information of the required aceeleration 
and, as a result, required torque of the motor. Wheeels speed 
signal and its processing through the analytical laypot of the 
controller or ABS system  are providing information about  
the state of the current speed, slip of the wheels and the 
requirements of the speed and torque adjustments if required. 
After computational processing of the basic duty cycle, final 
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converter input signal. Final design of the logic operations are 
represented on Fig. 9.  
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Fig. 9. Controlling Logic Operations for Acceleration Mode  
I. BRAKING MODE OPERATIONS 
   
 In during braking mode, energy is transferring from 
the motor back to the ESS, but the supplied power should satisfy 
charging equation for the charging of the batteries, as the most 
common source of the energy in EV:  
Echarge>Ebattery      
   (3)  
  Charging voltage of the battery depends on the state of charge. 
On the other side, output voltage of the converter shouldn’t be 
higher than the certain level to prevent damage of the ESS and 
extend its lifetime. Furthermore, the output voltage of the 
PMDC generator depends from the speed of the generator and 
during the braking process this speed is constantly decreasing. 
Due to this, converter control has to keep the, voltage level 
according to the charging curve for the ESS.  
 Torque regulation of the braking process has some 
differences from the acceleration process. Braking torque is 
providing conditions to decease wheel speed and it is the main 
part of the braking performance. This torque is transferred 
through the tires friction forces. PMDC motors, acting as an 
individual wheel hub motors, can be regulated separately to 
obtain braking stability through the independent torque 
regulation. Requirement of the separate braking torque 
regulation comes from the instability of the grip for the different 
wheels. Stability of the braking is a safety requirement of the 
engineering design committees around the world for the 
braking systems. In conventional systems, controlling of the 
braking process performs through the pressure regulation of the 
hydraulics or pneumatics braking systems. Such regulation 
performs through the variable frequency removing of the 
pressure from the braking system and applying it back.  
 Safety of the braking system is still a big issue, even 
when the generation torque provides finite adjustments of this 
parameter without removing the torque from the wheels. As 
wheel hub mototrs can be controlled separately, stability of the 
braking is another advantage of the electrical braking. The main 
disadvanttage of the electrical braking system is decreasing of 
the possible braking torque with the decreasing speed of the 
motor and time charging of the capacitors, so on the low speed 
PMDC motor cannot provide high braking torque. Providing 
the constant braking torque for the whole range of the speed, 
where it is possible, it is the problem for the converter. At the 
same time, current limitations are applicable for the braking 
mode as for the acceeleration mode. 
 Usage of the PMDC motors as a braking system 
component provides possibility of the smoother torque 
regulation through the generator operation control. Fig. 10 
shows possibility of the braking torque regulation for different 
duty cycles.  
 
Fig. 10. Torque Regulation for Constant Speed in Braking Mode 
 
 Voltage variation for the generation output is 
following similar to the motor regulation curve, as shown on 
the Fig. 11.  
 
Fig. 11. Voltage Regulation with Constant Speed for Braking Mode  
 
 As can be deduced based on Fig. 11, subject to 
changing speeds, duty cycle can be varied to provide  
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region of the generator, when the output voltage can satisfy with 
charging equationis the use of an additional boost converter for 
battery charging.The second solution is the use of a super 
capacitor as an additional part of the ESS to dissipate a higher 
amount of available energy from the motor in braking 
mode.The second solution provides the possibility to operate 
the generator across the whole speed range.  
 The efficiency of the charging process influences the 
usability of the EV because generated energy can be used to 
accelerate the vehicle and to power appliances within the 
vehicle. The motor’s efficiency in braking mode is shown in 
Fig. 12. The blue, red and green lines represent the efficiency 
of the converter, motor and overall system performance 
respectively. 
As shown on Fig. 12, developed converter shows efficiency 
above 80% within the duty cycles between 0 and 0.35 for 
braking process during reverse movement and between 0.65 
and 1.0 for forward movement braking. These duty cycles 
provide good torque controllability because, as it is shown in 
Fig. 10, most efficient regiouns are, at the same time, regions 
with the highest braking torque.  
   
 
 
Fig. 12. PMDC Motor Drive Efficiency Study in Braking Mode 
 
  Controlling the braking process and adjustments to 
the controller are different to the acceleration mode. Firstly, and 
most importantly, torque regulation is more important for the 
braking mode. At the same time, the torque request is coming 
from the braking pedal, so the main control input is similar to 
the acceleration speed request signal provided by the driver. 
The complexity in controlling the braking torque is analysis of 
wheel slip and providing braking stability for complex driving 
conditions. For slip calculation procedure, the ABS system can 
be used to split the torque request for the motor controller for 
each wheel separately. The SoC of the ESS is another input 
required to obtain all possible braking torques as well as the 
voltage level required for battery charging. The control, Fig. 13, 
and logic. Fig. 14, diagrams were developed.  
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Fig. 13. Braking Mode Control Diagram  
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Fig. 14. Controller Logic Operation for Braking Mode  
 
 
I. CONCLUSION AND WORK IN PROGRESS 
 Current research activities are focused on the 
developing and designing the unite controller for the electric 
vehicle systems in order to decrease energy usage, improve 
generation performance through the utilizing the energy 
through the usage in the systems of the EV, but not only 
transferring it to ESS. 
 Based on the theoretical and experimental findings, 
the controller for the PMDC motor with EV application was 
presented. As there are two different processes are happening 
and available for the powertrain of the EV, regulation and 
controlling of the motor is a complex issue and prediction of 
the behaviour of the system is difficult problem, as road  
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conditions and situation are not predictable. Furthermore, 
braking mode of the powertrain has a great influence on the 
both performance of the vehicle and its safety, which makes 
regulation process and required logic more structurally 
complicated due to the complexity of the problem. Four 
quadrant converters with IGBT switches as the operational 
power electronics elements shoed good performance for the 
high range of speeds and voltages. Such performance in 
association with the high efficiency make such converter one of 
the most suitable solution for the EV motor drive control.  
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